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BIOLOGICAL EFFECTS OF STATIC MAGNETIC FIELDS
Richard B. Frankel

1. INTRODUCTION
Claims for the biological effects of magnetism date from the discovery of magnetism in
rocks by the ancient Greeks, Chinese, and Central American Olmecs. I1·\.1 The pre-Homeric
Greeks mined Fe, 0 4 in the province of Magnesia in Asia Minor, whence comes the names
magnet and magnetite. Explanations for the powers of allraction exerted by pieces of mag
netite on each other and on iron metal included the notion, thought to originate with Thales
allracted iron metal by animating it. Both magnetite
of Miletus, that magnets were alive and attracted
and the more weakly magnetic hematite a-Fe
oe-Fe cO , were thought to have medicinal qualities,
ex-Fe
and were even prescribed for Queen El
EI izabeth I of England by her physician William Gilbert
of Colchester.
In 1600 this same William Gilbert published his monumental treatise, De Magnele
IIIagnele Mag
Mog
nelicislille Corporihus
el de Magno Magnl'le
Magnele Tel/lire (On the Magnet and Magnetic Bodies
nelicisqlle
Corporibus 1'1
and on the Great Magnet the Earth). In addition to comparing magnetic forces with life
forces, he proclaimed that the earth itself is a giant magnet. The publication summarized
his 16 years of study of the interactions of small iron needles with spheres of magnetite
I 570, Robert Norman, a London compass maker, had
called terrellas, or "lillie earths". In 1570,
discovered that magnetized needles made neutrally bouyant with pieces of cork oriented
Gilbert reached
downward at the angle of 70° as well as northward when suspended in water. Gilbcrt
his conclusion about the magnetism of earth by comparing the magnetic inclination of thc
the
needle with his observations that the iron needles on the surface of the terrella are inclined
from the horizontal at angles that increase from 0 to 90° as One
one passes from the equator to
the poles.
Gilbert's work was a triumph of experimental science and provided a mechanism for
ror the
operation of the magnetic compass. The fact that magnetized pieces of magnetite would
orient in astronomically significant directions had long been used, at least by the Chinese
and possibly by the Olmecs, for geomancy and divination.
divination, but was apparently not used for
navigational purposes until the 11th
11 th century A.D. The first western accounts of this use arc
are
by Alexander Neckam and Petrus Peregrinus de Maricourt in the 13th century. From this
name" lodestone" because it indicated the direction of the pole
use of magnetite came the name"
or lodestar. Iron needles magnetized by stroking with magnetite were subsequently employed.
employed
The invention and development of the magnetic compass was one of the technological
or Explo
developments that allowed navigation of the oceans and ushered in the great Age of
declination, namely,
namely. that mag
ration. Christopher Columbus, in fact, discovered magnetic declination.
netic north and geographic north do not coincide, and the difference varies with longitude.
An inversion of the Greek notion that magnets are animate was popularized by Franz
Anton Mesmer, an Austrian physician, who arrived in Paris in the 1770s with a radical
theory of human health'" This theory, referred to as "animal magnetism", was based on
the same medieval Hermetic philosophy that underl ies astrology, alchemy, and magic. The
theory envisions a human being as a microcosm
mierocosm corresponding to the world macrocosm.
Mesmer believed that the human body had magnetic poles that correspond to those of the
earth or cosmic, magnetic poles proclaimed by Gilbert. He postulated a subtle or imper
Smooth,
ceptible fluid that flowed from the cosmic magnetic poles through the body. Smooth.
uninterrupted flow constitutes health. Blockage of the flow results in disease. Health can
be restored by removing blockages and restoring smooth flow. This was accomplished by
rubbing various parts of the body with magnets. This treatment was apparently efficacious
because Mesmer became famous and was even immortalized in Mozart's opera "Cosi Fan
Tutti".
Tu tl i". Along the way, he and his disciples
disci pies invented group therapy, and by discovering that
painted pieces of wood worked as well as magnets, the placebo. As Mesmer's fame and
fortune increased, the animosity of the French medical establishment increased until the
French Royal Academy of Sciences appointed a commission, including Benjamin Franklin

(then the American ambassador to France) and Lavoisier, to investigate him. The commission
declared him to be a quack and a fraud. Thus a cloud was cast over animal magnetism that
persists to this day. This is in contrast with the brilliant success of "animal electricity",
namely the experiments of Galvani and Volta of the same era that underlay the development
of the understanding of electrical phenomena.
However, significant discoveries in the last few years require a reevaluation of animal
magnetism, although not Mesmer's version. It is now known that many organisms precipitate
inclusions of magnetic material.
materiaL This phenomenon will be a chief focus of this review.
Biological effects of magnetic fields is a subject that includes many different topics. In
order to make the treatment tractable, we have arbitrarily separated time-varying from static
fjeld
field effects. Static field effects will be covered here; time-varying field phenomena including
magneto-phosphenes and effects of induced currents will be covered in a companion chapter.
Even the subject of static field effects covers many topics. These include the use of
magnetic ficlds
fields in spectroscopies of biological material, inc
inclluding
uding nuclear magnetic resonance
(NMR), electron paramagnetic resonance (EPR), and recoilless nuclear gamma resonance
(M()ssbauer effect), and magnetic susceptibility and magnetization measurement. Magnetic
fields have also been used to orient cells or cell fragments in suspension. Applications of
magnetism in physiology and clinical medicine include NMR imaging, magnetic targeting
amI
and modulation of drug delivery, magnetic separation of biological materials, use of mag
netism in surgical procedures, and noninvasive measurement of blood now. A rapidly
growing area spanning AC and DC regimes is the measurement of magnetic fields generated
by the human body, and the use of those measurements in medicine and physiology. A large
area involves mutagenic, mitogenic,
mitogenic. metabolic, morphological, and developmental effects
of exposure of organisms or biological materials to intense DC magnetic fields or to null
field conditions. Another important area includes behavioral effects of magnetic fields,
including effects on orientation, migration, and homing and the involvement of the geo
magnetic field in the activities of organisms. Biomineralization of magnetic
magnctic materials is
especially significant for this latter topic, but could also playa role in other interactions of
organisms with electromagnetic fields.

II. PHYSIOLOGICAL AND MEDICAL APPLICATIONS OF MAGNETISM
11.
Magnetic properties and spectroscopy of biological materials have been extensively stud
ied. Especially significant advances in NMR have been made in the last few years." These
include increased resolution and sensitivity, pulsed programming, Fourier decomposition of
complex spectra allowing study of whole organisms or perfused
pcrfused organs. and observation of
the time development of chemical intermediates, e.g., metabolites containing phosphorus,
in metabolic path
pathways'""
ways 7'J
Supereonducting magnets with bores large enough to accommodate human bodies have
Superconducting
of NMR imaging
allowed development ofNMR
im~lging systems with resolution comparable and even superior
to X-ray and positron computerized tomography and ultrasound techniques. [0.11 The basis
of the method is that when a magnetic field gradient is superposed on a static, homogeneous
magnetic field, nuclei such as protons will resonate at different frequencies at each point
along the gradient. The magnitude of the signals at each frequency is proportional to the
number of protons at that point. By switching the gradient to different directions and recording
the frequency spectra, the threethrce or two-dimensional proton density map in any plane can
be reconstructed by computer. Measurement of relaxation times also allows discrimination
of chemical differences, e.g.,
e. g., different types of tissue.
tissue _ Fields of the order of 5 x 10e
10 2 to
or
1.5 T with gradients of the order of
or 10 2 Tim are used for
Cor periods of the order of '/lie2 hr.
Switching of the gradients will involve changing magnetic fields as high as 2 Tlsec.
T/sec. Con
sidering the rapid development of this diagnostic method and its enthusiastic reception by

it;;

I,

to intense
the medical community, it will shortly be the major cause of human exposure (0
magnetic fields (above IT).
The development of superconducting quantum interference devices (SQUIDS) with very
high sensitivity has spurred the study of the very weak magnetic fields generated by electrical
processes in the human body. 121-1 Applications include magnetocardiography, magneto
encephalography, me,lsurement of pulmonary activity, and detection of body iron stores due
to asbestos inhalation or diseases such as Thalassemia, which result in hemochromatosis. I)
repair of giant
M<lgnetic devices have been used in several surgical procedures including rep,lir
M,lgnetic
retinal tears, I" bougienage of esophogeal atresia in infants,17 and in the treatment of aneu
rysms. IS Magnetic agitation has been used to modulate the release of macromolecules such
as insulin from polymers with magnetic inclusions which arc implanted in the body. I')
I"
The voltage induced when an electrolyte flows perpendicular to a magnetic field, known
as the magnetohydrodynamic effect, has been used for a number of years to noninvasively
meter blood flow. 20.21 The voltage induced across a blood vessel of diameter d is
E(volts)

= Bvd

( I)

where B is the magnetic flux density in tesla and v is the perpendicular flow velocity. For
v = 0.6 mlsec
m/sec and d = 0.025 m (human aorta), 15
IS mV would be generated in a I-T field.
These potential also show up in electrocardiograms of animals in magnetic fields (see Section
IV).
Magnetic microcarriers have been used to target drugs to specific locations in the body
assays.2'.2' These applications are based on the
and in cell separation and immunological assays.2'.21
translation of magnetic particles relative to the diamagnetic fluid background in magnetic
rield gradients. The potential energy of a magnetic dipole of moment m in a magnetic field
with flux density B
---,)

E

'"

---,)

=
-m,8
=--m,8

If the field is homogeneous, the dipole tends

to

(2)

align in the field but no translation occurs.

Ir there is a magnetic field gradient in the x direction, the dipole will experience a force In
If

the x direction
F = m dB/dx

(3)

IIff the magnetic material is ferromagnetic or feITimagnetic,
feITimagnetie, m is generally independent of B
for fields greater than a few tenths of a tesla. For paramagnetic materials at sufficiently high
temperatures this is not the case and
m

= XVH

(4)

where X is the magnetic susceptibility, V is the volume, and H is the magnetic field intensity.
Then Equation 3 becomes

F, = XVH dB/dx

(5)

ignoring the smaller susceptibility of opposite sign of the diamagnetic background fluid. For
small particles in a viscous medium (including water at ambient temperatures), viscous forces
are more important than inertial forces and the particle quickly reaches its terminal velocity
v

=

F)61TTJr

(6)
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where I'r is the radius of the particle and Tl is the viscosity (10 -1
0.0
-1 nsec/m" =
0.01I poise for
water at room temperature). Thus the velocity due to magnetic forces depends on the nature
of the material, the magnitude of the freld
field gradient, and the size of the particle. Since F,
and m arc
are proportional to volume of the magnetic material and therefore increase as 1",
r'. v
increases as 1'".
r". However, the size of magnetic microcarriers is limited by the need for a
large surface-to-volume ratio,
ratio. and by the tendency of large particles to coagulate duc
due to
interparticle forces.
To employ magnetic drug micrucarriers,
microcarriers, large field gradients must be generated ()utside
outside
the body by suitably shaped, magnetized pole pieces. In the immunological procedures,
procedures. the
arc chemically attached, can be
microcarriers, to which specific antibodies or antigens are
separated by the use of high gradient magnetic separation (HGMS) filters consisting of fine
stainless steel wires in a magnetic field strong enough to magnetize the wires. Gradients as
high as 10'
10 1 to 10)
lOS Tim can be generated within a few diameters of the wires. As the fluid
flows through the filter the magnetic particles and anything attached to them are trapped on
the wires. This method has been applied to the separation of cells and proteins") "' and to
microorgcmisms from water.
water.,')·30
removal of microorganisms
"). '"

Ill. ORIENTATION OF CELLS AND BIOMOLECULES IN INTENSE
MAGNETIC FIELDS AND MAGNETIC FIELD EFFECTS ON CHEMICAL
REACTIONS
Alignment of molecular aggregates with sufficient diamagnetic anisotropy will occur in
intense magnetic fields (sec Appendix). The energy of cylindrically symmetric molecular
aggregates in an external magnetic field B is given by
I

:2 [XII

+

xJ cos"8] Y H . B

(XII -

(XII - X ) > O. 8 is the
where Y is the volume and XI', is the least negative susceptibility (Xli
angle between the Xli direction and the field direction. Xli is usually parallel or perpendicular
to the axis of cylindrical symmetry. If XII is parallel to the axis, the aggregate will align with
the axis perpendicular to the field. If XII is perpendicular to the axis the aggregate will align
with the axis parallel to the field. Since the alignment in the field is opposed by the
randomizing forces due to thermal energy, the average alignment <cos 28> of an ensemble
of rods in the field at ambient temperatures will be an exponential function of the ratio of
magnetic to thermal energies

J cos
cos"O8 e-I'm'"]"
e 1'",'1' dY
2

2
<cos"O>
<cos
0>

(8)

Experimental results have been reviewed comprehensively by Maret and Dransfeld.'u2
fibers,1.1 chloroplasts,34
erythrocytes,'" b~lcteriophage
Muscle fibers,'·'
chloroplasts,'4 retinal elements,3:"'"
bacteriophage
elements,3)'" sickled erythrocytes.'"
fibers, ", membranes,1<J,l1l
acids" have diamagnetic
fibers,'x,
membranes,'<lAo and macromolecules including nucleic acids"
anisotropy and have been aligned in intense.
intense, homogeneous magnetic fields. Highly oriented
structures can result from polymerization in an intense field. Torbet et aL" produced oriented
fibrin gels from fibrin monomers in a field of 11 T. The fibrin monomers were produced
42
by enzymatic cleavage of fibrinogen. Murthy and Yannas 42
prepared oriented collagen films
by heat precipitation in a magnetic field. Collagen in solution dissociates into monomers at
low temperatures and precipitates at higher temperature ((~ 37 K). The monomers
mOJlumcrs are
apparently not aligned. Alignment of dimers, trimers,
trimers. etc. occurs as they form from mon
mon
omers with increasing temperature in the field.

In addition to polymer alignment, intense magnetic fields may interacl with biomaterials
rields
in other ways. Sperber et a1.
a1.."41 observed oriented growth of p,ollen tubes in intense Cields
and suggests redistribution of membrane proteins that regulate intercellular concentrations
444
:> had previously observed oriented growth, or magnetotropism, in oat
of Ca 2 ' . Audus
Audus""")
shoots and cress roots in inhomogeneous magnetic fields, with growth occurring in the
4h
direction of decreasing field intensity. Labes
Labes"h
and Aceto et a1.·17 proposed interaction of
magnetic fields with cell membranes as a plausible mechanism for physiological effects.
They noted that membranes have liquid, crystal-like properties and are close to phase
transitions at physiological temperatures. Magnetic field could affect membrane lluidity or
other properties. Magnetic orientation of diamagnetically anisotropic domains in artificial
phospholipid bilayers has been reported. 4x Magnetic fields also affect the fluid-gel transition
gels,"'! possibly by alignment of the monomers in the lluid phase.
in agarose gels,"';
Magnetic fields of the order of 10 1 to 10- 2 T can affect chemical reactions by influencing
the electronic spin states of reaction intermediates Sll 'il
'iJ These effects can have biological
S4
consequences.'i4:>'
consequences
. " A relatively simple chemical illustration of the effect involves homolytiL'
cleavage of a chemical bond to produce two radicals* Since the electrons in the chemical
bond are spin-paired in an S = 0 or singlet state,'i'ia
state,S'ia these electrons on the nascent radicals
diffusion
will also have overall singlet character as the radicals separate. Separation is a diffusion
controlled process and there is a high probability that the two radicals will reencounter each
other. If the electrons retain their overall singlet character, a reeneounter
reencounter is likely to produce
recombination. If the electrons have overall triplet (S = I) character, the bond will not
reform and the radicals will eventually separate and perhaps participate in other chemical
reaction. The transition from singlet to triplet can result from the interaction of the odd
electrons of the radicals with the nuclear magnetic moment(s) of the atom(s) on which they
equiv
have high probability density. This interaction,
interaction. the magnetic hyperfine interaction, is equiv
alent to a local magnetic field at the electrons produced by the nuclei. Different local magnetic
fields cause the electrons on the radicals to precess at different rates, which destroys singlet
phasing and results in triplet formation. However,
However. an applied magnetic field will decouple
the electrons and the nuclei, suppressing formation of the triplet state.
state, This enhances the
recombination rate and suppresses the other chemical reactions. The decoupling of the
electrons and the nuclei will occur when the intensity of the applied field exceeds the effective
hypert'ine interaction. Then the electrons will precess in
magnetic field produced by the hyped'ine
phase about the applied field rather than at different rates about the local field. This condition
is typically satisfied for fields of the order of 10- lJ to 10 2 T.
A variation of this scheme is proposed to account for the effects of magnetic fields on
ob
electron transport in photosynthetic, purple bacterial membranes." .'i'i
.55 ..
..''<,
<, The effects are ob
served when elements of the transport chain are electrochemically reduced, forcing back
transfer of the photoexcited electron. The electron transport sequence can be summarized
as follows:
I.
2.
3.
4.
5.

---7 S(A)*
S(A) + photon --7
---7 S(A + + B-)
S(A) * + (B) --7
B-) <=± T(A i + B')
B-)
S(A + + B')
B -) --7
---7 s(A) + (B)
S(A' + B')
---7 T(A) + (B)
T(A + B) --7

(A) corresponds to bacteriochlorophyll dimer and (B) corresponds to bacteriopheophytin. S
and T stand for singlet and triplet, respectively, and * stands for the photoexcited state. (I)
Bacteriochlorophyll absorbs a photon resulting in electron excitation. (2) Electron transfer
*

bond so that one electron from the bond is left on
Homolytic cleavage is the breaking of a covalent. slngle hond
each fragment. resulting in two free radicals with single, unpaired electrons.

-------------_..
to bacteriopheophytin occurs, resulting in positive and negative charges on donor and ac
ac
ceptor, respcctively.
respectively. (3) The positive ion-negative ion pair are initialJy
initially in a singlet state
which can evolve into a triplet state via the hyperfine interaction mechanism. In the blocked
transport chain, the ion pair decays by back transfer of the electron to a less energetic state
of bacteriochlorophyll
bacteriochlorophyll. (4) If the ion pair is in the singlet state, back transfer populates the
singlet ground state of bacteriochlorophyll. (5) If the ion pair is in the triplet state, back
transfer populates an intermediate energy triplet state of bacteriochlorophyll which is detected
by a delayed fluorescence method. It is found that the amount of bacteriochlorophyll triplet
produced following flash excitation is magnetic field-dependent. Because the photosynthetic
apparatus is highly structured and membrane-bound, exchange interactions between the ions
also playa role in the formation of the triplet state in (3). Although
A Ithough the experimental conditions
cited above are nonphysiological, mechanisms of this kind could conceivably playa role in
electron transport in viable biological systems.

IV. MUTAGENIC, MITOGENIC, MORPHOLOGICAL, AND
DEVELOPMENTAL EFFECTS OF MAGNETIC FIELDS
A large number of papers have been published on this topic and a number of bibliographies,
577
reviews, and symposia have appeared 5775
'i Moreover, a number of interaction mechanisms
7
1. ('.x:, However, at this time this area remains an empirical science with
have been proposed 55 1.7('SC
little elucidation of effects in terms of mechanism. Only some of the more recent reports
will be cited here.
investigated.
Mutagenic effects of chronic exposure to DC magnetic fields have been invesllgated.
I T for 28 days. The mice
Mahlum et al. SS.1.1 exposed male mice to a magnetic field of up to IT
were subsequently mated to two females per week for up to 8 weeks and the resulting
embryos were assayed fDr viability 10 days later. No significant differences were reported
x1 exposed fruittly
between exposed and sham-exposed (control) groups. Kale and Baum xl
fruitfly
(Drosophila lIlelanogaster)
melanogaster) male eggs, larvae, pupae, and adults to fields up to :'.7
3.7 T for
up to 7 days. After mating with females, broods were tested for induction of genetic damage
by the sex-linked, recessive lethal test. No evidence for induction of mutations under the
conditions of exposure were reported. Skopek et al. ,".,
X"" exposed Salmonella and cultured
human Iymphoblasts to 10-T magnetic fields for 4 hr. Cells were surveyed for toxic and
mutagenic effects with a forward mutation assay. No effects of magnetic field exposure
were found for either cell type when compared with sham-exposed controls.
al. So
s< reported
Morphological and developmental
deve lopmental effects have been investigated. Sikov et a!.
no effects on the development of mice after intrauterine exposure to I T during gestation.
An earlier
earl ier study by Nahas et a!.
K(, indicated that exposure of rodents to 0.02- to 0.12-T fields
al.K<'
x7 studied guppies
for I month resulted in no toxic or histopathological effects. Brewers7
(Lebistes reticulatus) chronically exposed to a 0.05-T magnetic field and reported reduction
field However,
in spawn rate and gestation period in successive generations exposed to the field.
field effects were not permanent:, reproduction eventually returned to normal when fish were
removed from the magnetic field. Mild et al.
a!. xx studied development of frog (Xenopus lon'is)
lan'is)
embryos exposed at 0.25 T for periods up to I week, at temperatures just above the threshold
for development in the embryos. If the effect of the magnetic field is equivalent to a reduction
in temperature,"7
temperature,~7 exposed embryos should not have developed. However,
However. no differences
between development of exposed embryos and unexposed controls were reported
reported. Previous
studies had indicated effects of magnetic field exposure on development of frog embryos.'"
embryos'""
Strand et al s ',,, report enhancement of fertilization following exposure of trout sperm, ova.
or both to 1T magnetic fields.
l-T
Frazier et al. ,,')
'J') investigated mammalian cell cultures continuously exposed to magnetic
O. 1 or 0.3 T through 80 cell doublings. No mitogenic effects of the field were
fields of 0.1

I

wcre compared to controls. Ditlerences
reported when doubling times of exposed cclls
cells were
Ditlcrences in
<llld ascribed to an as yet
plating efficiencies between exposed cells and controls were cited and
unexplained increased clumping of exposed cells. Exposure o'f
0'1' frozen cells at I T did not
CU Itu red cells from human
resu
It in changes in cell morphology'''}
result
morphology')(} as reported earl ier.
icr. 'II
'II Cultured
bronchogenic carcinoma and from Burkitt lymphoma were exposed to DC magnetic fields
'lc They report that growth characteristics were unallected
Stefani."e
unafrected
Stefani."c
up to 1.15 T by Chandra and Stefani.
by exposure. In vivo exposure of mouse tumors did not cause retardation of growth of the
tumor. Leitmannova et al. ')1 reported changes in morphology of aged red blood cells in
magnetic fields.
Moore"~ studied growth of five species of bacteria and a yeast in DC and slowly varying
Moore""
CJ.09 T. He reports stimulation or retardation of growth depending on
magnetic fields up to 0.09
the field strength, frequency, and organism. A number of previous studies had indicated
that growth of bacteria and yeasts could be altered by static magnetic fields. 'I'
'" ')7
'17
Electrophysiological effects of static magnetic fields have been investigated. Blatt and
Kuo'"
KUO'lX reported no change in the action potential in the interpodal cells of the fresh water
Kuo'lX
Nitella exposed to fields up to 2 T. These cells have bioelectrical activity and previous
alga Nitfila
studies'!x"
magnctic fields. Extended
studies'lx" had indicated a reduction of the action potential in magnetic
timc
exposure at l.6 T was not toxic for cells. Edelman et al.""
a1.')') reported an increase with time
in the amplitude of the compound action potential of stimulated frog sciatic nerve when
fields up to 0.71 T were applied perpendicular to the nerve. Fields applied parallel to the
lllil report no changes in electrical
nerve produced no changes. However, Gaffey
Gaffcy and Tenforde loo
conduction in frog sciatic nerve in fields up to 2 T and suggest that results of Edelman et
changcs in cells in
al.
a1. are due to changes in temperature. Semm et al.
a1. lol
IIlI reported electrical changes
~ T.
the pineal glands of guinea pigs when exposed to magnetic fields of the order of 10 "T.
10 -,13 to 10- c_
c_
electroretinograph ic responses
Raybourn 101"
IIlI" reports that 102_ T fields acutely reduce electroretinographic
in turtle retina, but do not reduce retina! sensitivity. The effect might involve magnetic field
effects on chemical reactions (see Section Ill).
III).
Static, magnetic fields affect electrocardiograms
mammals.22.11l2.10:1
electrocard iograms in mammals.
C".IO".lm Alterations
Al terations in the
T wave of rats, rabbits, and baboons are reported at exposures above 0.3 T, and are
arc due to
the potentials associated with the flow of blood in the magnetic field. There are apparently
no chronic physiological effects associated with this phenomenon.
10-'.1'"
There are reports of alteration of enzyme activity in vitro by magnetic fields.
fields.IIl-'.IIl'
For
l1l4 claims that fields up to 7.8 T diminished the activity of glutamic
example, Haberditzl l04
dehydrogenase, while a 6-T field enhanced the activity of catalase. Nonuniform fields
l1l6 reported no effects
produced larger effects than uniform fields. Weissbluth and co-workers 10"
of intense magnetic fields up to 22 T on the activities of several enzymes.
I07
Ripamonti et al Ill?
studied the effect of magnetic field exposures up to 12.5 T on the
SpirOSlOl11lil11 ambiguul11 to the toxic substance 2,2'
responses of the contractile protozoan SpirOSlOl11lim
Spirostol11ul11
dipyridyldisulfide. Magnetic field exposure reportedly diminished the ability of the organism
to survive the drug and lengthened the extension phase of the contraction cycle. It was
hypothesized that interactions of the magnetic field with cellular membranes alters the
2
Ca2+
regulation of Ca
+ transients. There were no toxic effects of exposure to magnetic fields
without the drug. Blicking et al.
a1. lOX
IIlX had previously reported that magnetic field exposure
affected the force of contraction of isolated muscle, which also involves regulation of
2
2T
T .
intracellular Ca 2T
deLorge
de Lorge 10')
10'1 reports that low-intensity magnetic fields have no measurable effects on operant
behavior in monkeys. However, experiments at high magnetic fields showed a suppression
of a learned response above a threshold between 4.6 and 7.0 T. Davis et al. 10'la
IIl'l" report no
behavioral alterations in mice exposed to 1.5-T magnetic fields. Further data on the effects
of very intense magnetic fields come from NMR studies on perfused, whole organisms.
Fossell et al. ')'J note that exposure of perfused rat hearts at 6.4 T does not alter either pressure
development or heart rate.

llo
A survey of workers exposed to intense magnetic fields was conducted by Beischer "il
who found no adverse effects of short exposures to fields up to 0.5
n.5 T. Epidemiological
studies of magnetic field effects in humans arc
are presently being conducted by Budinger et
al. III
U.K.
a!.
III and by the National Radiological Protection Board in the U.
K. Reviews concerned
especially
especial1y with potential hazards of magnetic field exposure associated with NMR imaging
'12
have been published. n71 Interim magnetic field exposure guidelines have been discussed. 112
Finally,
Final1y, nature has conducted an experiment over geologic times on life in a substantial
magnetic field. Magnetotactic bacteria III,
I ' are sediment -dwelling
-dwel1ing bacteria that contain particles
Fe,04
of Fe
mient them in the geomagnetic field (see Section V). These particles produce
1 0.j that orient
strong intracytoplasmic magnetic fields and field gradients in the bacterium. The fields can
be as large as several tenths of a tesla near the surface of the particles. Thus these bacteria
2111 of their cellular and metabolic functions in intracellularly generated magnetic
carry out
OLlt all
fields.

V. MAGNETIC FIELD EFFECTS ON ORIENTATION AND HOMING
Y.
At the end of the last century, Kreidl ll .'' published an experiment on magnetic field effects
on orientation in crabs. The experimental design was contrived to produce an effect ,md
and so
does not correspond to the natural circumstances of crabs, but provides a paradigm for effects
in oiher organisms. Crabs periodically molt and subsequently form a new exoskeleton. In
the process of molting they also lose their statoliths, dense particles that form part of the
vestibular system. They subsequently pick up particles of sand to serve as new statoliths.
Kreidl took newly molted crabs ,md
and placed them in an aquarium in which the only available
particlcs were magnetic. The crabs indeed placed magnetic particles in their ear labyrinths.
particles
When Kreidl approached a crclb
cnlb with magnetic statolith with a bar magnet the crab adopted
an orientation that could be correlated
cmrelated with the resultant of the magnetic and gravitational
forces on the particles. Electrophysiological responses from crayfish with ferrite statoliths
reported. 114"
I l.j"
stimulated by magnetic fields have subsequently been reponed.
Since Kreicll's
Kreidl's experiment, magnetic field effects have been observed in the orienting
behavior of ;1a very diverse group of normal organisms, including bacteria, IIII,i algae, 110
beh'lvior
IJ) snails, III,
III,
salamanders, ICO homing pigeons,
planari;l,
117 honeybees,I"
honeybees,"x salmon, 11') salamanders,I'"
12! robins,
1C2 mice.'2'
mice,12.1
planari,I,117
pigeons,l2!
robins,'"c
and humans. 12
Ic)' 12(.
Icl, In addition, tr;lining
tr,lining experiments on pigeons,127 skates,'cx
skates,12X and tuna'""
tuna l29
have demonstrated the ability of these organisms to sense magnetic fields. Two interaction
(I) detection by the organism of the electric field induced
mcchanisms
mechanisms have been elucidated: (I)
by Faraday effect as the organism moves through the magnetic field: (2) interaction of the
magnetic field with magnetic material in the organism.
The first mechanism is apparently operative in marine sharks, skates, and rays which are
sensitive to electric fields as low as 5 X 10 -77 Vim
liO The animals
an imals detect the
VJm in sea water. 1.,0
electric fields through the ampullae of Lorenzini, which are
arc long, conductive channels that
connect electrically
clectrically sensitive cells in the snout
snollt with pores on the skin. Flowing ocean currents
or motion of the animal through the geomagnetic field induce voltage gradients with sign
and magnitude depending on orientation, which are in general above the sensitivity threshold
cOLtld be trained
of the animal. Kalmijn 12X
Ic' demonstrated that skates could
tr<lined to use magnetic fields
of the order of the geomagnetic field as an orientational cue. Brown et al.
a!. 71
71 ,I1 1 used electro
eleetl'O
physiological measurements to show that the ampullae of Lorenzini c<ln
C;111 detect variations in
physiologie<I1
12
Rosenbluml
have considered the possibility of the
the geomagnetic field. Jungerman and RosenbluIlll
Rosenblum"c
magnctic induction mechanism for an animal in air. They concluded that a circular,
magnetic
circular. elec
trically conducting loop millimeters in diameter, would be required to overcome thermal
noise, with voltages induced by changes in magnetic
l'h,lllge~
magnctil' flux in the loop as the animal changes
its heading.
mechanism was obtained for homing pigeons in
Evidence for orientation by the second mec!l,mism

the classical experiment of Keeton. 1.1,1
I.',' Keeton glued small bar magnets to the backs of the
heads of a group of homing pigeons and compared their homin,g ability with that of a group
of control birds carrying brass weights. Under sunny skies both groups oriented and homed
equally well when released from unfamiliar sites many miles from the home loft, but under
overcast skies when the birds could not see
sec the sun, the orientation of the birds carrying
magnets was disrupted, whereas control birds oriented normally. Subsequently, Walcott and
I'·' lIsed
used Helmholtz coils attached to the heads of pigeons to change the orientation 01'
Green 11.'
the birds under overcast conditions. The orientation depended on the direction of the magnetic
field, as determined by the direction of current in the coils. Pigeon orientation is also affected
by magnetic anomalies and magnetic storms.I.'S.I",
storms.1.1S.11" The experimental results suggest that in
addition to a magnetic compass, a homing pigeon may have a magnetic "map". In The
I1X and Griffin. I."'" Magnetic
results have been reviewed by Walcott,121
Walcott, 121 Gould,II><.I'7
Gould,llx.117 Able,
Ablc,l1x
orientation in migratory birds has been reviewed by Able l'" and by Wiltschko. 13'
IY)) Although
attempts to observe magnetic sensitivity in pigeons by cardiac response have not been
successful, Bookman l27 was able to train pigeons to detect the presence of magnetic fields
in a !light cage.
Walcott et al. Ill> dissected pigeons with nonmagnetic tools and found magnetic material
in head and neck sections. Most of the magnetic material was localized in a piece of tissue
momen(';' of 10 x
moment'!'
between the dura and the skull. Each pigeon had an inducible, remanent moment'''
to 10-') A'm 2, which disappeared at 575°C, indicating Fe,O". Presti and Pettigrewl.'1 found
magnetic material in the neck musculature of pigeons and migratory, white-crowned
white-cl'Owned sparrows
but did not find localized magnetic materials in the heads. Although the connection between
betwecn
the magnetic material and magnetic sensitivity has not been established definitely, it is
suggested. Elucidation of anatomical structure is clearly required. Yorke,
Yorke,I"2
1"2 Kirschvink and
GOLdd, I'" and Presti and Pettigrew, 1·'
1"11 have speculated on the role of Fe,O"
Gould,
Fe10" in a magnetic
sensor. Yorke points out that if a pigeon can somehow measure the total magnetization of
its ensemble of magnetic particles, there is enough magnetic material present to indicate the
field direction with high accuracy.
A possible connection between FeoO"
Fe10" and magnetic field effects on behavior is also found
in honeybees. The behavioral effects have been reviewed by Martin and Lindauer l.'.' and
Gould. IIX Honeybee workers communicate the location of a food source to other workers
in a hive by means of a "waggle dance" on a vertical honeycomb. The angle between the
direction of the dance and the vertical direction indicates the angle between the food source
and the sun. Consistent errors in the dance angle occur which vanish when the magnetic
field in the hive is nulled by means of external coils. [n anomalous situations where bees
are made to dance on horizontal surfaces, after an initial period of disorientation they dance
lX.I·I".IIS [1' the geomag
lX.I·I".liS
along the eight magnetic compass directions (N, NE, E, SE, etc.).'
etc.) I lx.I·'''.liS
netic field is nulled, the dances become disoriented again. There is also evidence that bees
can use the daily variations in the geomagnetic field to set their circadian rhythms. 1·1"
I·'"
Gould et al. 1"6 have found that honeybees also contain Fe,O".
Fe10". They measured an average,
induced remanent moment of about 2 x 10- 9 A'm 2 per bee, distributed between single
domain and superparamagnetic-sized particles, mostly localized to the abdomen. Recently,
Kuterbach et al. 147 found bands of cells around the abdominal segments that contain numemus
iron-rich granules. The granules are primarily a hydrous iron oxide, which can be a precursor
in the precipitation of Fe,04 (see below).
In addition to pigeons and honeybees, FeoO"
Fe,O" appears to be widely distributed in the
biological world.I"x Magnetic inclusions have been found in organisms as diverse as dol
crustacea,IO'
bacteria,154 and
tuna,151 green turtles,152
anc! hu
phins, I"') butterflies, ISO tuna,ISI
turtles,IS2 marine crustacea,"o
crustacea,I" bacteria,ls4
mans. 155 The first identification of Fe,O, in an organism was by Lowenstam, 156 who found
",

ulpole moment that persists following exposure to an intense magnetic field
fielu (sec ReI'ercnce
Rderence 1(3).
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In the tooth denticles of a group of mollusks, called "chitons". Fe,04
it
Fe,O., is very hard as
well as magnetic and this is advantageous to chitons as they scrape algae off rocks. This is
an illustration of the fact that the presence of Fe,04
Fe,O., in an organism does not necessarily
mldition to hardness, Fe,O" is also
mean that the organism has a magnetic detector. In addition
apparently the densest material that can be mineralized by organisms, and this might rlay
play
cases.
a role in certain cascs.
The best documentation to date for the connection between magnetically sensitive behavior
and the presence of Fe,04
Fe,O., is for aquatic bacteria that orient and swim along magnetic field
lines. 11'.107 This behavior is termed' 'magnetotaxis. " Magnetotactic bacteria were discovered
serendipitously in the early 1970s by Richard Blakemore. III.'
!.1 He initially found bacteria from
I.'
both fresh water and marine muds that accumulated at the north side of drops of water placed
on a microscope slide. These bacteria were attracted and repelled by the north and south
poles of a bar magnet, respectively. Subsequently, Blakemore and Kalmijn IlOX
oX used homo
geneous magnetic fields produced by Helmholtz coils to show that New England bacteria
swim along magnetic field lines in the field direction, that is, in the direction indicated
indic<tted by
the north-seeking end of a magnetic compass needle. When the field produced by the coils
is reversed by reversing the direction of current flow,
now, the bacteria respond immediately by
executing U-turns and continuing to swim in thc
the field direction. Killed cells orient along
the field lines and rotate when the field direction is reversed, but do not move along the
field lines. Thus magnetotactic bacteria from New England behave as self-propelled magnetic
dipoles and are predominantly north-seeking.lo,;.IOY
Magnetotactic bacteria are easy to find in the sediments of almost any aquatic environ
ment. 107.1")
107.10') In addition to world-wide dispersion, the diversity of morphological types sug
gests that the phenomenon is a feature of a number of bacterial species. Two characteristics
unify these species. They are apparently all anaerobic or microaerophillic l07 and they all
contain magnetosomes,I(,C which are unique intracytoplasmic structures consisting of en
veloped Fe,O.j
10.,.lhl (Figure I). One species.
species, Aqllo.l'pirillum
magnelOlUcliclim.
Aqll{/.\pirillum magnelolacliclim.
magnelOlUcticlim. has been
Fe,04104.lbl
Ib1 In this species there
isolated and grown in pure culture in a chemically defined medium, Ih2
arc
panicles
are typically 20 to 25 cuboidal Fe,O, particles about 500 A
A. on a side per cell. The particles
are arranged in a chain which is fixed along the axis of motility of the bacterium. Magne
tosomes are arranged in one or two chains in most other bacterial species as well. Since
1<" the presence of intracytoplasmic
only soluble ferric iron is available in the growth medium, 1(,2
Fe,O, in A. lI/ognetowuiclIlI/
lI/ognelO/(lCliclIlI/ implies a bacterial biomineralization process. In fact.
fact, since
total cellular iron is about 2% of the cellular dry weight, these bacteria are prodigious
m,lnufacturers of Fe,O.,. If iron is withheld from the growth medium, these bacteria grow
m,tnufacturers
\vithout magnetosomes; these cells are nonmagnetotactic. * Thus the magnetotactic response
without
is definitely correlated with the presence of the magnetosomes.
Fe,O" has an inverse spinel slructure and is ferrimagnetic with a Curie temperature of
Fe,O.,
580 0c. 1(,.'
1(" Fe,O,
Fe,O.j particles of 500-A
SOO-A. dimensions are single, magnetic domains with a per
manent magnetic moment approaching the saturation magnetization of bulk Fe,04'
Fe,O.j' 480 x
feITi magnetic partic
les
reduci ng the magnetostatic
10'
feITimagnetic
particles
10 1 Aim. Larger feni
Ies form magnetic
magnet ic domains, reducing
energy
cnergy and the remanent magnetic moment. The upper size limit for single magnetic domains
d". which is a function of the exchange and
is approximately the width of a domain wall d",
anisotropy energy of the material

0c.

(9)
(9)

*

Nono1agnelDtaetic
NonolagnelDtaetic
l11agnctotactic cells in the homngCI1C-UllS
Nonolagnelntactic Lcll~
Ccll~ grow as \1,,/('11 as magnctotactic
hlJlllOgCI1L'lltLS culture mcdiulll which pn.1\'idl':'
pn.)\·idL~:)
all essential nutrients.

I

I
FIGURE I. Magnetotactic spirillum showing chain of enveloped Fe,O,
particles (Left) whole spirillum; (right) thin section. Bar in each photo is
1-J-LI11. \67

where k is Boltzman's constant, T c is the Curie temperature, K is the anisotropy energy per

unit volume, and a is the atomic spacing. Substituting values for Fe]04 16 ] yields d" = 500
A. More precise calculations by Butler and Banerjee l64 for cubic particles yield d" = 760

A.

On the other hand, if the particle dimension is less than a certain value d" it will be
superparamagnetic at room temperature; i.e., thermal energy will cause transitions of the
magnetic moment between equivalent, easy magnetic axes of the particle with a consequent
loss of the time-averaged remanent moment. 165 The transition probability is a function of
the anisotropy energy and the thermal energy and the most probable transition time between
orientations is
T rv 'To
TO
'T

exp(KY/2kT)

(10)

To is a constant of the order of 10- 9 sec and Y (= d?) is the particle vol ume. Partic les
where 'To
of dimensions> 350 A are stable for times> 10 6 years; hence d, < 350 A. Thus particles
of Fe]04 with dimensions 350 A < d < 760 A are permanent, single magnetic domains
with remanent magnetization of 4.8 X 10 5 Aim. We can assume that each 500-A particle
produced by a bacterium has a moment of 6.0 X 10- 17 A-m 2
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magncloloc
When the single-domain particles arc
are organized in a chain as they are in A. magnclolac
magnelolac
licum.
licum, the interactions between the particle moments will cause them to be oriented parallel
1(,(, Thus the moment of the entire chain will be equal
to each other along the chain direction. 1"6
to the sum of the individual particle moments. For chains of 22 particles, this gives a total
15
A -m 2 . Since the particles are fixed in the bacterium
remanent moment m = 1.3 x 10- 15
A'm
by the magnetosome envelope,
the
bacterium
is. in effect, a swimming magnetic dipole.
cnvelope,
is,
The simplest hypothesis for magnetotaxis is passi
ve orientation of the swimming bacterium
passive
along the magnetic field lines by the torque exerted by the field on the magnetic moment. Ib7.1<>'
](,7.I(,S
Thermal energy.
encrgy. on the other hand, will tend to disorient the bacterium during swimming.
The energy of the bacterial moment in a magnetic field B is

rrrm .' --->BB

-?

--->

Em

mB cosH
cos8

(I I)

?
--->

where H is the angle between ~ and B. The thermally averaged orientation of an ensemble
of moments, or equivalently. the time-averaged orientation of a single moment

<cosO>
<cosH>

.rJ cosH
cos8 e'
e.rJ e -

dY
dY

l'm',1

En,lU
E",IlT

L(a)
L(o:)

((12)
12)

L(o:) is the Langevin function
L(a)
L(o:)
Ua)

coth (a)
(0:) --

a0:
0:

a0:
0: -= mB/kT

(13 )

and
magnclolacticulIl
anc! is plotted in Figure 2. If we consider A. magnclolacliculI/
magnelolacliculI/ in the earth's magnetic field
temperature, then a0: ~ 16 and <cosH> >0.9. Because the
of 0.5 x 10- 4 T at room temperature.
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FIGURE 3. Schematic
Schcmatic drawings or north- and south-seeking
magnetotactic bacteria. The arrow in the cell represents the
magnetosome chain, with Ihe
magnetic dipole moment or the magnetosol11c
the
arrowhead indicating the
thc north-seeking pole.

Langevin function asymptotically
improve significantly if there were
Thus each bacterium is in effect a
at room temperature."
1(,7
temperature. 6167
For passively oriented bacteria,

approaches 1I as ex increases, the orientation would not
more particles and the moment per bacterium were larger.
biomagnetic compass optimized to the geomagnetic field
the migration velocity along the magnetic field lines is
vH ==

Vo

<cos8>

(14 )

where V o is the forward velocity of the swimming bacterium and 80 is the angle between the
axis of motility and the magnetic field. If V o is independent of B and the magnetic moment
is parallel to the axis of motility
(15 )

providing that the velocity is averaged over a time which is long compared to the rotational
diffusion time (typically, I sec). This is the basis of a method for measuring the magnetic
moment of individual bacteria. I""
1(,9 Determination of the width of the U-turns executed by
swimming bacteria following reversal of the magnetic field direction 170 also gi ves a measure
of the magnetic moment. 171 Static light scattering l72 and magnetically induced birefringence
m have been used to determine the average moment per cell in suspensions of
techniques In
live
JO 1.1
Ii
ve or dead bacteria. For diverse
di verse types of cells the moments range from 10- 15
IS to 5 x 10
l.1
A'm 2 per cell.
A. magnetotacticum is bipolarly flagellated, i.e., it has a flagellum at each end of the cell
and can swim in either direction along the magnetic field lines. However, many other
magnetotactic bacterial species one observes in sediments are asymmetrically flagellated and
have unidirectional motility. As noted above, these bacteria from New England swim along
magnetic field lines in the field direction. Based on the passive orientation hypothesis, this
occurs if the bacterial moment is oriented in the cell forward with respect to the flagellum
(Figure 3). Then the bacterium will propel itself in the field direction when the moment is
oriented in the field, and will be north-seeking in the geomagnetic field. If the bacterial
moment were oriented in the cell rearward with respect to the flagellum, the cell would
propel itself opposite to the field direction when the moment was oriented in the field, and
hence would be south-seeking in the geomagnetic field.

NORTHERN
NORTHI::R"j
HI::MISPHI::RI::
HEMISPHERE

FIGURl:: 4.

SOUTHERN
HEMISPHERE

Swimming directions of north- "nd
and south

seeking bacteria along the inclined gcom,tgnclic
geomagnetic field

lincs
lines in each hcmispherc.
hemisphere. The arrow in each cell rep
resents the magnetic dipole moment of the magndusOll1C
JllagnctosolllC

chain, with the arrowhead indicating the north-seeking
pole.

South-seeking bacteria have been produced in the laboratory by subjecting them to mag
netic pulses of AC magnctic fields which are strong enough to overcome the magnetic
rotatc anJ
and
and cause their moments to rotate
interaction forces between the particles in the chain anJ
direction. I'" Field
FielJ strengths of several timcs
times 10 !'
reorient along the chain in the opposite direction.l:'s
l71 and in agree
T are required, consistent with magnetic measurements on freeze-dried
freeze-JrieJ cells l71
ment with estimates based on the "chain
Bean, I"" who
""ch~lin of spheres" model of Jacobs and Bean,I""
considered the magnetic properties of a chain of single-domain panicles
particlcs in a different context
before the discovery of magnetotactic bacteria
bacteri~1.
beforc
Thc predominance of north-seeking bacteria in the Northern Hemisphere is due to the
The
are anaerobic
inclination of the geomagnetic field. 17.,
m Since many sediment-dwelling bacteria arc
or micmaembie,';'
micmaembic,* it is advantageous for them to have mechanisms that prevent them from
swimming up toward thc
the toxic
toxic, higher oxygen concentration at the water surface, and keep
scdirncnts.
Since the geomagnetic
gcomagnctic field is approximately dipolar, the magnetic
thcm in the scdirncnts
then.
sediments. Sinn:
['ield
an: inclined at an angle that increases with latitude.
licld lincs
lines at the
thc surface
surLlcc of the
tilL' eanh are
Thc
Jensity at geomagnetic
gcomagnctic latitude fJA is appmximately
The total nux density
S" = 0.:1
(sincfJ
B"
0.-'1 (sin'A

+

1)12
I)I! X

10

-j

T

( 16)

clild the
the horizontal is given by
and
thc inclination
inL'lination I from thc
tan I = 2 tane
tanfJ

( 17)

In the
thc Northern
Nonhern Hemisphere the field is inclined downwards, pointing straight down at the
nonh magnetiL'
Southcrn Hemisphere the fielJ
field is inclined upwards, at an angle
magnctic pole. In the Southern
magnetic
increasing with latitude,
latituJe, pointing straight up at the south magnetic pole. At the geomagnetic
equator
cquator the field is horizontal.
Because of the inclination of the field lines, nonh-seeking
north-seeking bacteria migrate
migr~lte downward
d()\\nw~tr(j in
the North Hemisphere and upwarJ
4). South-seeking
South-sccking
upward in the Southern Hemisphere (Figure ..f).
Nonhern Hemispherc
Hemisphere and downward in the Southern Hl'm
Hem
bacteria migrate upward in the Northern
isphere. At the equator,
migr~lte horizontally. BeL'ause
Because downward direL'ted
directed
l'quator, both polarity types migrate
dirl'L'tl'd
Llvored
Nonhem HemisphL't,L'
bacll'ria
nonh-seeking bacteri~1
bacteria should be favored
motion is advantageous, nonh-sl'l'king
Llvorl'd in the Nonhern
Hemisphct"t.'
Hl'misphct"t.'

Anaerobic bacteria live in the absence oCfrCC'l)xygcll.
l'vlil'n);}l'rohic h:lclcri;\
h~lcl('ria (1)!cr;l!C
lu\\ l'lll!l'l'l1\Lt(lUlb
Clllll'l'lllr~t[ioll:'
oCfrcc o.\ygCJl. rVlicroacrobic
tl)lCralC ur
l)l· require ll)\\

of oxygen.

and south-seeking bacteria should be favored in the Southern Hemisphere. At the equator
neither polarity would be favored.
Examination of bacteria in sediments from various places in the world confirms this
hypothesis. In contrast to New England (inclination, 70° N) and other Nmlhern Hemisphere
locales, magnetotactic bacteria in fresh water and marine sediments in Australia and New
arc almost exclusively south-seeking. m.l77 These baeteria
bacteria have
Zealand (inclination, 70° S) are
chains of particles and can be remagnetized to nonh-seeking polarity. m At the geomagnetic
equator in Brazil (inclination, 0°) both north- and south-seeking bacteria are present in
roughly equal numbers. liS Thus the venical component of the geomagnetic field seleds
seleL'lS the
predominant cell polarity in natmal
natlll'al environments, with downward directed motion advan
tageous I'm, and upward directed motion detrimental to, survival of the mganisms. At the
geomagnetic equatm where motion is directed horizontally, both polarities benefit because
horizontally directed motion reduces harmful upward migration.
hmizontally
The role of the vertical magnetic field component has also been confirmed in laboratmy
experiments. 176.17S When a sediment sample from New England, initially containing north
seeking bacteria, is placed in a coil that produced a field of twice the nwgnitude and opposite
sign to the ambient venica] field, the polarity of the bacteria in the sample inverted over
several weeks, i.e., over many bacterial generations. If a sample is placed in a coil that
cancels the vertical component of the ambient magnetic field, the population in the sample
tends toward equal numbers of both polarities, again over many generations.
generations Equal numbers
of both polarities also result when samples initially containing all north- or all south-seeking
ex per
bacteria are placed in an enclosure that cancels the ambient magnetic field. Funher exper
B lake more])7 confirm
con fi I'm
rm the role of ox
y gen. When samples with ttight
igh t
iiments
ments in null field by Blakemore"7
oxygen.
arc ultimately
stoppers are placed in the zero field enclosure, bacteria of both polaritics
polarities are
found in the sediment and in the water column up to the surface. When the sample bottles
are loosely stoppered, allowing diffusion of air, bacteria are found in the sediments hut
but not
in the water column.
While the ability to synthesize Fe:;O~ and construct magnetosomes is certainly genetically
encoded, the polarity of the magnetosome chain cannot be encoded. If a bacterium that
magnetos ames starts to synthesize them de novo. there is equal probability that when
lacks magnetosomes
the particles grow to permanent. single-domain size, the chain will magnetize with north
seeking pole forward as with south-seeking pole forward: a population of these bacteria will
consist of I: I north- and south-seekers. If, however. the daughter cells inherit some of the
parental magnetosomes during cell division, they will inherit the parental polarity. As they
synthesize new magnetosomes at the ends of their inherited chains, the magnetic field
produced by the existing particles will magnetize the new particles in the same direction.
bacteria
Thus, north-seeking bacteria can produce north-seeki;lg progeny and south-seeking hacteria
can produce south-seeking progeny. However, there are
arc mechanisms by which some progeny
with the opposite polarity ean
can be produced in each generation. For example, if in the ceil
cell
division process, some of the daughter cells inherit no parental magnetosomes, these cells
will synthesize them de novo and about one half those cells will end up with the polarity
opposite to that of the parental generation. So in New England, where north-seeking bacteria
are found and predominate, some south-seekers are produced in each population division.
Under normal circumstances, these south-seekers are unfavored by being directed upwards
towards the surface when they are separated from the sediments, and their total population
remains low compared to the north-seeking population. However, when the vertical magnetic
field is inverted, as in the experiment described above, these south-seekers arc
are suddenly
favored and their progeny eventually predominate as the previously favored north-seeking
population declines in their newly unfavorable circumstances. When the vertical component
is set equal to zero, neither polarity is favored and the north- and south-seeking populations
eventual Iy equal ize.

We can envision a~l similar process occurring in natural environments during reversals or
excursions of the geomagnetic field. During these processes the vertical component changes
sign over thousands of years. This would be accompanied
accomp~lI1ied by a change in the predominant
polarity of the magnetotactic bacteria population in that locale.
Other possible advantages of magnetotaxis to bacteria involve rapid migration along
dispersed, as an escape response,
magnetic field lines. This could be useful for population dispersal.
or in outrunning chemical diffusion. There are also consequences of magnetotaxis and Fe,C},
Fc,O.,
synthesis that mayor may not be advantageous. Magnetic bacteria that are
arc within 4 f-lm of
each other will experience magnetic forces greater than the forces of Brownian motion.
Fe,O,
Fc,O.1
FC,O.1 has a density of 5.1, hence precipitation increases the average density of
o!" the bacteria,
are not swimming, and may
helping them to stay down in the sediments even when they arc
serve some metabolic functions as well. 'S7
1';7
live their lives and carry out
mentllllled in Section
Finally, as mentIOned
Scction IV, magnetotactic bacteria livc
all their cellular functions in a magnetic field of their own making which varies from over
D.I T at the surface of the particles to 0.01 T or less at the periphery of the cell, depending
0.1
on shape of the bacterium, and the location of the particles. The field due to a dipole moment
28)'2 when r?t.
e, varies as r .'1 and (f-lj41T)(1
r, 8,
(f-lj4TI)(1 + 3 cos
COS"8)1"
r?t, the
m at points with coordinates 1',
length of the dipole. 8 = 0 corresponds to the dipole moment direction. If we consider
the moment m = 10
lOIS
A'm 2 in a magnetotactic bacterium as a point dipole, then the field
'.' A'm"
'.'
at the surface of a sphere of radius I f-lm around the moment would vary from 2 x 10 .,-,
to 1I x 10 .).1 T as 8 varies from 0 to 90°.
When r < e, the calculation is more difficult. One approach is to replace the individual
Fc,O.) particles oj'
calculation'?'!
Fe,O.1
of dimension d by equivalent current cylinders. This calculation
I?'! gives
fields up to about 0.5 T between the particles and up to 0.3 T at the ends of the particle
o!" the particle chain the field falls from
chain. At points on a line perpendicular to one end of
0.22 T at the edge of the last particle to 0.03 T at d, 0.008 T at 2d, 0.003 T at 3d. and
0.002 T at 4d.
Progress has been made in elucidating the Fe,O.1
Miiss
Fc,O.) biomineralization process.I"',IXI
process. '''',IX' MilSS
bauer spectroscopic studies of magnetic and nonmagnetic strains and cell fractions of A.
IlIilgllclOlilUiCllI1I
havc revealed several iron-containing materials in the cells in addition to
11I1"~IICrollil"liClIIII have
Fe ,O,. One of these is a high-density hydrous iron oxide that is spectroscopically similar
Fe,O.\.
to the mineral I'crrihydrite.
rcrrihydrite. It appears that Fc,O.)
Fc,O.1 precipitation occurs following partial re
rcrrihydrite precursor.
duction of a ferrihydrite
rcrrihydrite precursor to Fe ,0.)
Reduction of a ferrihydrite
,0.1 also occurs in the radular teeth of the marine
chiton. I l'.lx2,iX' Iron is transported to the superior epithelial cells of the radulae as ferritin.
chiton.'I'·I.'2'"
Then iron is transferred to a preformed organic matrix on the tooth surface as ferrihydrite.
Finally.
The resulting Fc,O.j particles have dimensions
Finally, the ferrihydrite is reduced to Fc
Fc,Oj'
10
of the order of 0.1 f-lm. Thus the Fc,O.)
Fe,O.1 precipitation process appears to be similar in
chitons. and may be similar in other organisms as well.
well The
bacteria and in chitons,
magnetotactic bactcria
whid1 bacteria can be manipulated
precip
facility with which
manipulatcd will allow further elucidation of the prccip
itation process and eventual understanding of how the bacteria control the size, shape,
shape. and
nUlllber
number of partie les.

e,

j •

VI. CONCLUSION
Lifc
gcumagnetic
gcomagnetic field and it shuuld
some anc! perhaps
Life evolved in the geomagnetic
should not be surprising that sume
sOllle
discovery of Fe
,0., in diverse organisms
many species are magnetically sensitive.
senSitive. The discovcry
Fe,O.,
provides a new basis for undcrstanding
understanding the intcraction
interaction of organisms with the geomagnetic
field. Inclusions of magnetic materials in organisms could also playa role in the other
uther
magnetic field and nonionizing radiation errcets.
efleets.
elleers.
Effects of high-static fields remains an important area for research,
ll1creaslllg
research. because of 1l1Creasmg
1l1CreaSlI1g

exposure of
01' humans to higher fields in connection with NMR imaging and other technologies
involving high magnetic field
Cield devices. Epidemiological studies are important for
Cor establishing
guidelines for human, but more work needs to be done at both' the cellular and subcellular
levels to elucidate interactive
Cield alignment of macromolecules and
interadive mechanisms. High field
magnetic field interactions with membranes ,Ire
are promising areas but their connection with
physiological effects in intact cells and organisms needs to be elucidated.
effects. Healthy cells or organisms might be
Finally, there is the question of synergistic eHects.
ahle
to
adapt
successfully
to
the
physiological
stress imposed by static magnetic fields, but
able
this might not be the case for organisms that are coping with additional stresses, such as
disease, environmental factors, etc. This possibility should be considered especially in setting
guidelines for
Cor high field exposure.
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APPENDIX: ELECTROMAGNETIC UNITS AND DEFINITIONS
Purcell' X4 gives
gi ves an excellent discussion of magnetic field concepts; for a review of magnetic
Purcell"4
lS
Foner'X:i
'63 In discussing the interactions of static magnetic
" and Morrish. 1<"
measurements see Foner
fields with materials most workers use the centimeter-gram-second (cgs)-electromagnetic
units (emu). In the SI
51 system, the magnetic flux
nux density
~

B

~

fLoH

and
~

~

~

fL,/ H + M)

B

(AI)

~

in vacuum and in a material medium, respectively. H is the magnetic field intensity and
the magnetization per unit volume. The permeability of free space
J-Lo
fLo

= 41T X 10- 7

Him

(A2)

where Him (henry per meter) is equivalent to weber per meter per ampere. The volume
magnetization of diamagnetic and paramagnetic materials is related to the magnetic field
intensity hy
by the magnetic susceptibility
~

(A3)

M
~

In the SI
51 system, X is a dimensionless quantity. In magnetically ordered materials, M

IS

a

~

complex function of H and can have finite values even at H = O.
J-Lo = I and
In the cgs-emu
cgs-el11u fLo
~

~

B

H

~

+ 41TM

(A4)

51 units are as follows
Some of the relations between emu and SI
den
Magnetic flux den
sity B
den
Magnetic field den
sity H
Magnetic moment m
Magnetization,
magnetic
vol
moment per unit vol
ume M
suscepti
Magnetic suscepti
bility X

II G = 10'
10 ' T
I Oe

=

(I 0'/4TI)
0'/41T) A/m

emu = 10
-, A'm 2
lO-'
emu/cm' = 10' A/m

x(emu)

(l
/4TI)X(MKS)
(l/41T)X(MKS)

In the emu system, Faraday's law of magnetic induction is
E

where the emf (electromotive force)
normal to B, and the magnetic flnux
ux

= - lOx d<P/dt
E

(AS)

(volts) is induced 111
in a conducting loop of area A

<P =
= BA

(A6)

The emf can be produced by a time-varying field in a stationary loop or by a loop whose
x
normal component is changing with respect to a static magnetic field. The factor of 10
IO-- x
also appears in the equation for the flow potential when Equation 1I is written with v and d
respectively.
in centimeter per second and centimeter rcspectively.
Magnetic moments, magnetization, and magnetic susceptibility of materials are expressed
on a unit weight, unit volume, per mole, per atom, or molecule basis. Magnetic moments
and magnetization have the units emu,
emu. gauss,
gauss. cgs, or ergs per gauss in the emu system.
with IJ emu = I G = I cgs = I erg/G. For example.
example, the saturation magnetic moment per
Fe,O.j is 480 emu/cm'.
magnetization. of Fe,04
unit volume, or magnetization,
emu/cm', or 92 emu/g. The conversion
factor is the density. Magnetic moments of atoms and molecules are often expressed as Bohr
211
(f.LB) with 1I f.LB
lO-211
Magnetons (IJ.B)
IJ.B = 0.927 X
X 10ergs/G. The electron has a magnetic moment
of I f.LB.
IJ.B. Fe,O.j
FC,04 has a magnetic moment of 4 f-l-B
IJ.B per formula unit.
The free energy of magnetic dipoles or of materials with permanent, macroscopic mag
mag
nux density B is
oriented at angle 80 in a magnetic field
fietd of flux
netization

nt
nr

~

~

En, == -- m . B == -- mB cos8
cosO
E",

(A 7)

nt
~

cosO =
In a homogeneous magnetic field the free energy is a minimum when cos8
= 1.
I. i.e.,
i.e .. m
~

is parallel to B. In an inhomogeneous magnetic field additional lowering of the free energy
comes from translational motion of the material toward increasing field strength. The trans
trans
lational force along the gradient is
dB
dx

m 
m

(AS)
(A8)

where x is the magnetic field gradient direction.
For materials
matcrials without a permanent dipole moment, a magnetic field will induce a moment
~

per unit volume M, where

----.
M

(A9)

X is the susceptibility tensor with units emu/G or ergs/G'.
ergs/G 2 . For diamagnetic materials X IS
small and negative and is generally independent of temperature. For example, H2 0 has an
isotropic
isotrupic volume magnetic susceptibility X,
X, = - 0.4 X 10 7 emu/(G-cm'). In paramagnetic
i.c., matenals
materials with unpaired electrons.
electrons, X is larger in magnitude, positive in sign.
sign,
materials, i.e.,
and is generally tcmper'lture-dependent.
temper~lture-dependent. At ambient temperatures typical paramagnets have
susceptibilities that follow the Curie Law
(A 10)

where k'J
constant, N is the number density of paramagnetic atoms,
atoms. and f.l"'l
klJ is Boltzman's constan!.
f.l""
is the effective magnetic moment per atom. From quantum mechanics, the saturation mag
momentum
at0111 or molecule is proportional to the spin and orbital angular momcntum
netic moment of an atom
f.l

(All)

= g 5 f.lB

where f.lB is the Bohr magneton and g is the proportionality or g-factor. If we consider spin
angular momentum only, g = 2. The effective magnetic moment
(A 12)

In a hypothetical example, if every
cvery water molecule had an unpaired electron spring (5 =
112),
I f.lB and the paramagnetic susceptibility
1/2), the magnetic moment per molecule would be 1
per cubic centimeter at 300 K would be 2.2 x 10 -(,
-I, emu/G. The total susceptibility would
1() .. (, emu/G.
be the sum of paramagnetic and diamagnetic contributions of 2.16 x 10""
cmu/G. In some
cases the diamagnetic susceptibility contribution can be larger than the paramagnetic con
tributions. This is often the case in large biological molecules that have a single or a few
paramagnetic atoms.
In a magnetic field the free energy is given by
E

1----'
1----'

III

----.
----.

= --H'X'H
2

(A 13)

where the magnitude and direction of the induced moment depends on the orientation of the
isotropic. the induced moment is always parallel
molecule in the field. If the susceptibility is isotropic,
to Hand

Em

i2 XI-I"

(A 14)

There are no rotational or translational forces in a homogeneous magnetic field. In an
inhomogeneous magnetic field, the material will experience
cxperience a translational force in the
direction of increasing or decreasing field strength depending on the sign of X
= X VH dH/dx
F, =

(A 15)

where X is the susceptibility per unit volume and V is the volume.
volumc. Diamagnetic materials
move in the direction of decreasing field strength while paramagnetic materials move toward

increasing field strength. As discussed in Section II, this is the basis of a method for separating
diamagnetic from paramagnetic materials. In suspensions or solutions, the force depends on
the difference in susceptibility between the material and the medium.
Anisotropic materials require two or at most three independent parameters to specify the
magnetic susceptibility. In the most general case,

(AI6)

where x, y, and z denote the eigenvectors of the diagonalized susceptibility tensor. These
three vectors often correspond to molecular symmetry axes. In addition to translational forces
in inhomogeneous fields, there are rotational forces in homogeneous fields. For example,
10-<>
benzene has an inplane susceptibility XJ = -4.5 X 10- 7 emu/G-cm' (= -5.7 X 10'<>
in SI units) and a susceptibility normal to the plane X I = - 12 X 10 7 ernu/G-cm'
(= -1.5 X 10 5 in SI units).,x6
units).lx6 The molecule will experience a torque tending to align its
plane parallel to the field direction. In general, any molecule or molecular assembly with
anisotropic diamagnetism will tend to align so that the least negative susceptibility direction
is parallel to the applied field.
In anisotropic paramagnets the highest (positive) susceptibility direction will tend to align
parallel to the field. If xII
paralJel
XII is the susceptibility along the minimum energy direction and A is
the angle between that direction and the applied field

~ XII H"
6. X = XII -

(A 17)

X,

where by definition 6.X>O and Em is minimized when 86
degrec of orientation of
O. The degree
an ensemble of molecules at a given
gi ven field strength and temperature can be calculated from
F(A), which specifies the probability
statistical mechanics. The angular distribution function F(8),
that a molecule has an equilibrium orientation at angle 8A with respect to H, can in general
be expanded in terms of cos"A.
cosn8. For molecules with cylindrical symmetry. odd terms in n
vanish. Then a convenient measure of the degree of orientation is the average value of the
sccond Legendre polynomial
P 2 (cos6)
(cos8)

2
== (3/2 cos
cosc8
6 -

!l2)
112)

(A 18)

From statistical mechanics,

:22"I)

exp

(I
cos8
- 2" 6.X H·"cos-8/kT ) d cos6
-:2
z

(A 19)

where Z is the partition function. Complete alignment means cos 2 8 = I and Pc (cosA)
(cus8)
I. For random orientatiun
orientation in three dimensions eos
cos 20 -= 1/3,
113, hence Pc (cos6)
(cos8) == O. Even for
molecules such as benzene with large diamagnetic anisotropies, thermal excitatiun
excitation will
mukcuks
overcome magnetic alignment and the equilibrium alignment will be small. However, if N
molecules are contained in an ordered array or aggregate, 6.x for the single molecule could
cuuld
be replaced by N6.X in the exponential in Equation A 17, resulting in substantial alignment.

REFERENCES
Bent,'lIl.
Chicago. II!.. 1972.
I. Stoner, E. C., Magnetism. in Eilcyclupedio IJrirolllliCII. Vo!. 14. Bent('lIl.
Bent,'ll1. Chicag".
V"I. 4(1'arl I). Cambridge University Press. L"ndon.
London.
j., Sciellce alld Cil'i/i:orioll ill Chilla. Vol.
2. Needham, J.,
1962
3 Carlson. J. B., Lodestonc
(lr Olmec pri mal')". Science, 18'). 753. 1975.
Lodestone compass: Chincsc
Chinese 'lr
90. 1976.
B., Knowledge or magnetism in prc-Columbian
pre-Columbian Mesoamerica. /Vol/o'e, 2S9
. .,,90.
4. Malmstrom, V. 11.,
259 ..\90.
5. Darnton, R., Mesmerism, Schocken. Ncw
Y(lrk. 1970.
New Y'lrk.
Academic Pre".
Press. New York. 1979.
6. Shulman, R. G., lJiulugiCilI AIJIJ/icoriulls oj'Magllnic RI'SUIIOIICl', Acadcmic
7 Shulman, R. G., NMR spectroscopy or living cells. S,.i. Am .. 24X( I J. X6. 19X3.
B., Wong, G. G., Gadion, D. G., and Radda, G. K., Mapping of
X. Ackerman, J.
j. 11., Grove, T. II.,
metabolites in whole animals by "1' NMR using
usin~: sureace
surl'ace coils.
coiis. /Vl/llIre. 2X3. 167. 19XO.
B. E., and Ingwall, J. S., Measurement of changeS in high-encrgy
high-energy ph\lsphatcs
9. Fossel!, E. '1'., Morgan, 11.
gated "1'
"I' nuclear magnetic resonance. Proc. N(I/I. Aco<!. Sci. U.S.A .. 77 . .'hS4.
in the cardiac cycle using gatcd
\ h54.
\9XO.
Y(Jrk.
Y'Jrk. 19X2.
10. Mansfield, P. and Morris, P. G., NMR Imogillg illlJiulIl£'dicilll'. Academic Press. New Y'lrk.
Kaufman, L., Crooks, L. E., and Margulis, A. R., Eds., .Nllcll'or MagllNic Resullallce Ill/(/gillg III
II. Kaofman,
Igaku-Slwin. New York. 19X2
Medicille. Igaku-Shoin.
12 Cohen, D., Magnetic rields of the human body. 1'11.1'.1'. Todoy. 2X. 34. 1975.
lS
13 Williamson, S. J. and Kaufman, L., Magnetic fields of the human brain. J. MI/gil. Mogil. Mme/'. , 15
IX. 154X. 19XO.
Bahlebohm, H. D., and Liibbig, H., Eds., lJiOllloglll'rism. de Gruter. Berlin. 19X2.
14. Erne, S. N., l1ahlebohm,
15. Farrel!, D. E., Tripp, J. H., Zanzucchi, P. E., Hams, J. W., Brittenham, G. M., and Muir, W. A.,
measurement of human iron stores. IEEE TrollS. MoglI .. 16. IXIX. 19XO.
Magnetic measurcment
technique for the treatmcnt
treatment of
or giant
g.ianl
16. Lobel, D., Hale, J. R., and Montgomery, D. B., A new magnetic techniquc
0IJhrl",lmul .. 85.
Alii. J. OIJhrl",lmul
8S. 699. 1978.
retinal tears. Am.
bougienag.e to lengthen esophageal segments in
17. Hendren, \\'. H. and Hale, J. R., Electromagnetic bougienage
Ml'd..
.. 293. 42X. 1975.
congenital esophageal atresia. N. Ellg! 1. Ml'd
mag.netic devices. IEEE Tnll!.'·. Milgil. II. 1405.
140S. 1975.
applicati'1I1s of magnetic
IX Hale, J. R., Medical applicati(1I1s
,·elease
rrom
Folkman, J.,
r·elease or macromolecules from
modulation or [·elease
19. Hsieh, D. S. T., Langer, R., and Folkman.
j., Magnetic modu1Jtion
polymers. Proc. Nilrl. ACilil. Sci. U.S.A .. 7X. IX63. 19XI.
Magnetic rields in biology. PIn's. Todm'. 21. 39. 196X.
20. Kolin, A., Magnctic
electro
Battocletti, J. H., and Sances, A., Steady magnetic fields in non-invasive electro
21. Salles-Chuna, S. X., Battodetti,
Iluwmetry. PmI'. IEEE. 6X. 149. 1980.
magnetic Ilowmetry.
Allerat\ons in the rat electrocardiogram induced by stationary magnet'rc
22. Galley, C. T. and Tenforde, T. S., Aherations
magnet',c
riclds. Billelecrrolllilglll'rics.
Bioelecrrolllilglll'rics. 2. 357. 19X I.
Bioelecrromilglll'rics.
thcrapeutics.
Experimental methods in cancer thcrapcutics.
therapeutics. 1. Phorm
23. Widder, K. J., Senyei, A. E., and Sears, B., Experimcntal
Sci., 71. 3]9.
379. 19X2.
24. Hirschbein, B. L., Brown, D. W., and Whitesides, G. M., Magndic
Magnetic separations in chemistry and
Chelll. Tech .. March. 172. 19X2.
biochemistry. Chem.
particles.
High gradient
or cells and ferritin-bound particies.
panicies. IEEE TrollS. MOXIl.
25. Owen, C. S., Higb
graelient magnetic capture of
IX. 1514. 19X2.
antibody
26. Owen, C. S., Bahu, V. M., Cohen, S. W., and Maurer, P. H., Magnetic enrichment of antibody
IlIImUIlO!
IlIImUIIO! Mnhods.
171. 19X2.
secreting cells. 1. Immullo!
Ml'lhods. SI.
51.171.
I'rom whole bl,)()d.
bl()()d. Nature. 255. 706.
27. Melville, D., Paul, F., and Roath, S., Direct separation of red cells ['rom
MoglI. IX.
1975; Fractionation of blood components using high gradient magnetic separation. IEEE TrailS. Mugll.
16XO. 19X2.
polymer
2X. Kronick, P. L., Campbell, G. L., and Joseph, K., Magnetic microspheres prepared by redox polymer
28.
200, 1074. 1978.
ization used in a cell separation based on gangliosides. SciI'llC!'. 200.
rrom red tide by HGMS. IEEE TrOllS. Milgil.
S .• Recovery of plankton from
29. Kurinobu, S. and Uchiyama, S.,
IX. 1526. 19X2
9.314, 19n.
1973.
30. deLatour, C., Magnetic separation in water pollution control. IEEE TrailS. Magll., 9.314.
X6
31. J"laret, G. and Dransfield, K., Macromolecules and membranes in high magnetic fields. Ph\'sico, X6
XXB. 1077. 1977
Biomolccules and polymers in high steady magnetic fields. in AIJIJ/ic(J(iol/s
32. Maret, G. and Dransfeld, K., Biomolecules
Springer-Verlag, Basel. 19X I.
oj'SmJllg IIIIlI Ulrrastmllg Milglleric Fields. Herlach. F..
F., Ed
oj'Srrollg
Eel .. Springer-Verlag.
B., On the magnetic asymmetry of muscle fibers. Proc. Nml.
33. Arnold. W., Steele, R., and Mueller, 11.,
I, 195X.
Am". Sci. U.S.A., 44. I.
crfects on the chlorophyll
34. Geacintov, N. E., van Nostrand, F., Pope, M., and 'finkel, J. B., Magnetic field erfects
Chlorella. Biochilll.
/Ii0l'h\'s. Aeril. 226. 4X6. 1971.
Iluorescence in Chlilrella.
Biochim. IJi0l'h\'s.
35. Chagneux, R., Chagneux, H., and Chalazonitis, N., Decrease in magnetic anisotropy of external segments
l3iophys. J .. 18. 12S.
of the retinal rods
roels after a total photolysis. l3iofJhys.
125. 1977.

Chambre, M.,
orientatinn of ex-he
Iix in frog rhodopsin and
intermediate.
36. Chamhre,
M 0' Diamagnetic anisotropy and oricntation
ex-helix
allli meta II intcrmediate.
Proc.
U.S.A... 75.
7). 5471.
)471. 1978.
N(l/I. Acw!.
ACiIi/. Sci. USA
Pmc. NOI!.
M., Oricntation
OrientatIon 01'
of sickled erythrocytes in
magnetic field. NUlllre.
1965.
37. Murayama, Mo,
In a magnctic
Nlllllrl'. 206.420. 196).
38. Torhert,
magnellc'
Torbert, .10
J. and Maret, Go,
G., Fibers of highly orientcd
oriented Prl
Pri bacteriophage produced in a strong magnetic
Mu/. 13io/.
field. J. Mil!.
Ihul .. 134,843,
ficld.
134. 843. 1979.
F, To,
T., Photoelectric and magneto-oricntation
magneto-orientation effects in pigmented biologic membranes,
Cull.
39. Hong, F.
mcmbranes . .I. Coil.
IlIIerfilie Sci, 58,471.1977.
IlIler/ilc,·Sci.
)8.471.1977.
Neugebauer, D.
D, C., B1aurock,
Blaurock, A.
A, Eo,
E., and Worcester, D.
nrientation of purplc
purple membranes
memhranes
40. Neugehauer,
O. L., Magnetic orientation
demonstrated by optical measurements and neutron scattcring.
78. 31.
LeI! .. 78,
scattering. FEBS Lell
31, 1977.
Freyssinet, .10
J. M.,
Hudry-Clergon, G.,
G" Oriented fibrin gels formed by polymerization
41. Torbet, .I.,
.10' Freyssind,
Mo, and Hudry·Clergon,
Na!lIre. 289.
fields, Naillre.
289, 91. 1981.
in strong magnetic ficlds.
I<J81
42. Murthy, No
0, Liquid crystallinity in collagen solutions and fromation
from,llion of collagen
N. S. and Yannas,
Vannas, I. V
V.,
fibrils. private communication. 1982.
I<Jill.
grllwth
Dransfeld,o K"
K., Maret, G., and Weisenseel, M. H., Oriented grll\\'th
43. Sperber, D., Dransfdd
growth of pollen tubes in
fielcls. Na!ll/wissel/schaflel/.
40, 1981
1981.
strong magnetic fields.
NIIIII/'1I'issi'llschll/iell, 68. 40.
Nall/re. 185,
.I.,
Magnetotropism: a new
ne\\' plant-growth
plant-gro\\'th rcsponse.
response, Nllllire.
.10' Magnctotropism:
18), 132,
131. 1960.
BiologiCllI 1}li'Cls
45. Audus, L. .I,
1:)/i'Cls oj'MlIgllc/ic
of MagI/eli,' Fields,
riehls. Barnothy,
4).
J. and Whish, J. C., Magnetrotropism. in Biolugicul
8arnOlhy.

44. Audus, L.

Ed, Plenum Press.
Press, New York.
Yurko 1964. 170.
M. F .. Ed.
N'illire.
M, M.,
possihle cxplanation
explanation for the elTect elf
46. Labes, Mo
Mo, A possible
of magnetic fields on biological systems. N<IIlIre.
211. %8, 1966.
211.968.1966.
47 Aceto, H.,
H" Jr., Tobias, C. A., and Silver,
Silver. I. L., Some
Somc studies on the biological elTeets
clTects of magnetic
47.
fields, lEFT Tr<JIIS.
TrelliS. MIIglI
Magll .. 6. 368. 1970.
fields.
Gaflney, B
B,. J.
M., Effect
Efrect of magnetic field on phospholipid
phosphnlipid membranes.
membranes, Chell1.
Chell/.
48. GalIney,
.10 and McConnell, H. Mo,

Pin's. U!I .. 24, J 10. 1974.
1'11\'.1'.
1'11\'.1'.1.<'11.14.310.
.I, Co,
C" Response of agarose
49. Kalkwarf, D. R. and Langford, .I.
agarosc solutions to magentic fields. in Biologic'al
8iologic'al
EleL'tromagnetic Fields,
Extreme Low Frequency Electromagnetic
EleL'tromagnelic
Effects of Extrcme
Fields. Phillips. R. D. and Gillis,
Gillis. M. F .. Eds .., ConI'.
ConI'
781016, U.S. Dcpartment
Department llf
of Energy.
Energy, 1979.408.
781016.
50.
P, W
W .,
W.,
field clTects.
elTects. Chem
Chnll. IiI'
131' .. 11.214.
12, 214. 1976.
1976
)0. Atkins, P.
o, Magnetic ficld
51.
K., Magnetic I'ield elTects
ellects in chemist,~y
biolog)', Ad\'.
SIU!e 1'11\'.1.
Pln·s. 11.61.1981.
22.61.1982.
)1 Schulten, Ko,
chemistl')' and biology.
A,h·. Solid SI<I/e
52.
correlatiuns in the geminate recombination
recumbinatiun of radical ions
iuns in h)'drocarbons~
.f.
)2. Brocklehurst, B., Spin correlations
hydrocarbons . .I.
Clwlll. Soc .. Faraday Trans. 2. 72, 11169.
1869, 1976.
CII<'III.
51.
Michel-Beyerle, Mo
M. E.,
Magnetic field and isotupe
effecls induced by
)3. Bube, W., Haberkorn, R.,
Ro, and Michel·Beyerle,
Eo, Magnctic
isotopc effects
hyperfine
. .I. Alii. Chelll. Soc. 100.
)L))3. 1978.
hyperl'ine interactions
interactiuns in a steady-state photochemical
phutuchemical experimcnt
experiment,.f.
100, 5lJ53,
Eo, Thelll'etical
remarks on low
luw
lu\\' magnetic field
I'ield interaction with
\\'ith biological systems.
systems, in Mugllefic
54. Swenberg, C. E"
Theoretical rcmarks
Maglleric
S""'/I'IIIS. Tcnforde.
1:[(,,<'1.' ill l3ioloigea!
S\'slellls.
Tenl'orde, T
T.,
New York.
Yurk~ 1979.88
1971J, 88.
Field E[I<''''s
l3ioloigcul S\'slell1s.
.. Ed. Plenum Press. Ncw
Q//WlIIIIII M",holli,'s
M,·cllClllic.1 for
Lilgilleerillg. Prentice-Hall.
Englewoud Cli!Ts.
55a.
H. .A\.,
.. , QIIOIlIIIIII
Q//WlIlilll
ClilTs~ N.J.
N ..I
))a. Pohl, Ho
jl)r Sciellce Will
<111<1 Lilgilleerilig.
Prenticc-Hall. Englewood
1967. 81.
II I.
Huff, A
phutosynthetlc reactions. Q. R",·.
55. Holl,
Hoff,
A.. .I.,
J., Magnetic field
I'ield ellcch
clkcts on photosynthtilC
photosynthetIC
Rn. 13iol)h\'.l.
l3iojJh\'s. 14.599.
)).
14. )L)9. 1981.
S(,
Blankenship. Ro
R. E .. Schaafsma, T
~\'lagnetic I'ield effects
efkcts on radical pair
T.. .I., and Parson, W. W., Magnetic
Sll Blankenship,
intermcdiates in bacterial photosynthesis.
ACiu. 461
photusynthesis. 13iochilll.
l3iochilll. 13iol)h."-l'.
l3iojJhs·s. A"'a.
ACio.
~ 297, 1977.
intermediates
461.297.1977.
57.
Barnothy, Mo
M. F.,
F" Ed., 13iologicul
l3iological E/leCis
of Mugllelic
Muglloi,' Fi"lds.
L Plenum Press.
Press, New
)7. Barnothyo
I <Jll4:
LfIi'Cls or
Fi,'lds. Vol. I.
Ncw York. 1964:
Mugllelic Fields. Vol.
13iologieul 1::11"<'1.1
of Muglleric
Vu!. 2. Plenum Press.
Press, New
York, 1969.
13iologicul
f:jl<''''s or
Ncw York.
Muglle!islll
Muscl1\\'. 1970.
Y. A., MuglielislII
Muglle!i.11ll ill 13iolog\'. Nauka,
Moscl1\\'.
58. Kholadov, Yo
Nauka. Moscow.
FleCirmllugllelic Fields ulld Ufi'.
Yurk. 1970.
59.
A. So,
S., EleClwllIlIgn('/ic
Press. New York.
)9. I'resman,
Presman, Ao
I.ifi'. Plenum Prcss.
1970
(]O.
hO. Kaufman.
Critical review 01' the biological
biulugical efl'ects
60.
Kaufman, G. E. and Michaelson, S. M., Crilicd
effects 01' electric and magnetic
magnclic
EIl;'e!.,
or
LO\('-FI'I'I/llellc\'
Muglll'!ic ulld
E!I'Urie Fields. L1aur'ldu
I'ields, in Biologi"ol
Biologicul olld
ulld Clillicill
Clillical E/II'os
EIl;'e!.1 of
LOH'-FI'I'I/llellc\' Muglleric
I'iclds.
orf.o\(··FI'<"II/('"c\·
uml neOric
L1aurado . .I. G.
BattocJctti . .I.
The/llus, SprJngfield.
Sances, A
A.,
Battocletti
.I H.
H .. Eds .. Charles C. Thomas.
Thelilus,
Springl'ield. Ill.
III 1974.49.
197-1. -19.
Sances.
.. Jr.
.Ir . and Battoclctti
ulld
Effi'Cls. Plenum Press.
Persinger, M. A., Edo,
Ed., Ff.F
FLF IIlId
alld \11.1-'
IIII Ueowlllugll<'lic
Ueumlllagl1eli,' Field E//"c/.,.
Pre". New
Ne\\' York. 1<J74.
197-1.
61. Persin~er,
I\ueliillioll Hiolog\
Hio!ogs
62 Silver,
Silvcr, I. L and Tobias, C. A.,
Magnetic fields
I'ields and their biological effects.
eITeL·ts~ in Span'
Hi"!,,gs
62.
Ao, ~bgnctic
Spun' !\UCliillioll
!?odiurioll
Tobi~ls. C. A. and Todd.
W .. Eds.
TOjJics, Tobias,
ulld Rel<l/ed
Relilled Topics.
Tudd. P. W.,
Eds .. Academic Press. New York. 1')79.2)8.
1979.258.
Biologicul
Ei1i'u or Elec/ric
Fll'clric ulld MoglIl'lic
Mogllefic Fields "F
I:'.\IJ'('I II I' h' (OH'
(o\(·
63. Sheppard, A.
A, R,
R. and Eisenbud, M., Biologiwl
Bi"logicul Fili'o
or 1:'.\lJ'('1
E\lr<'llleh'
/.111'
Freif//el1c\·. New '\'clrk
Pre". 1<J77.
1lJ77.
Freif//el1C\·.
FI'<''!oellc\·.
York University Press.
un Biosphere
El'kcts of
nl'
ul' Extrcmc·ly-Low-Frequency-R'llliation.
Extremc·ly-Lnw-Frequenn-Radiatinn.
Extremc·ly-Luw-Frequenn-Radiatiun. Biologic-al
Biolelgical Effects
EfkelS of
Electric' and
64. Committee on
l3iosphere Erkcts
"f Electric
Magnetic' Fields Associatcd
Assuciated with I'ruposed
National Academy
Acadcmv
uf
Assnciated
Pmposed I'
I'lljec't Seafarer. U.S. Natinnal
Acadl'mv nf
Scienl'l'S. \\',tsh
Magnetic
Pru.lcc·t
"f Sciences.
Wash
ingtun, D. C .. 1977.
ingtnn,
ington.
65. Dubrov,
LUi' ((;eolllugI1C'1o!Ji"I"g\').
((;eolllugl1eroh/olog\').
Yurf-..
Duhrov, Ao
A. Po,
P., Tlw
Ceolllaglll'fic Field 111/{1
ulld Lif<'
I'!cnum Press.
Ne\\' York.
Ynrf-.. IY78.
6).
nil' Geolllllgllelic
(Geolllllgll<'lo!Jiolog\'). Plenum
Pr,'ss. New
1<)78
biulugic'a! dkclS
ellcclS
uf magnetic I'ields
66.
E., Porter, Wo
\'\1. Eo,
E., and Bolton, N. Eo,
E., The
Thl' biological
binlngiL'a[
nf
I'il'ids l1l1
M. Ketchen, E. Eo,
elleds of
IlIl nun.
1ll:1ll.
Alii. Illd. H\'g. Assoc
Am.
AI.w,· . .1.,39. I. 1978.
Biomagnctism:
III!. COllr Mlign.
Mugll. Techllol
Vul 6.
St. Lorant, S . .I.,
Binmagnl'tism: a revicw.
re\'iew. in Pwc.
PmI'. (j,ll
Vnl
i\lpha 1'1'1'".
I'rl'".
67. SI.
.10' Biornagnetism:
olh 1111.
{echnol... Vol
h ..\ll'ha
Bratislava, 1978.
1978, 337.
JJ7.
Bratislava.
Husis
olEleelmlllugllefie IlIlerllOiolls
IlIf<'rUuiolls \('ifh
13I"I".~ic(/1
S. and Cheung. Ao
A, Y., Eds
Eds.,
The Ph"sicill
Phl'sind 130.'
H'ifh IJiologi,ol
13I"I".~ic(/1
68. Taylor, L. So
.. {he
is "IEleelmlllugllefie
olLleClwlI1l1gll<'ri,
\('ilil
Administration,
J)epal'lmcnt
ul' Health.
Heallh. Edul';\li,,1l
Educ'atiun and
Well"lre.
\\"Lshinglun,
Svs!ellls. Food and Drug Administratinn,
Depal'lml'nt nl'
EduL'atiun
S\'s!ellls.
S,'srellls,
Administration. U.S Dep"rll11elltllf
~Il\d Wl'il"lre.
Welf~\re. \\'"shill~I')I1.
78-8055, 1978.
D. C. 78-80)).

n.

.

,
,.
f

Ill). Lie, R., Th" lJiologiCll!
Biologica! Lfli-Cls
Lfl,'os o/Magllelic
Lf/,'os
L(h
BiiJIiograJ!hv, Los Alamos Scientific Laboratory. L'h
6LJ.
orMugllclic Fields, a 8iMiogral'hv,
Los
Alamos, N.r,>,!.
1971).
Alamlh.
N.r'>'l. 772:1-'vls. 197').
70. Phillips, R. D., Gillis, M, r., Kauue, W,
W. '1'.,
To, aud
and Mahlum, O.
Do D.,
Do, Eds.,
Eds .. Biological Efkcts of !::xtn:mcly
Extr<:mcly
FrequenL')' Electromagnetic Fields.
nlOl6, U.S.
Low Frequenc'y
Fields, ConI.
ConI'. 7S1016,
U.S Department of Energy Symposium Series 50,
50.
1979.
71. Tenford, T.
Fic!d E:t!"cls
Lfl,'cls Oil
S.\'slell/s. Plenum Press.
Press, New York,
To S.
So Ed., Maglll'lic Fie!d
01/ Bio!ogiCll!
Bio!ogica! S.\'SI('II/S,
Y urk, 1')7').
1979.
72. Kinn,.I.
Bo and Postow, E., Index of Puhlications
Publications on Bi'llogieal
Biological Effects of Electromagnetic Radiation (0
Kinn, ,I. 13,
- 100 GHz). US.
U.S. Environmental Protection Agency,
Agency. IlOO/9-~I-OII,
600/9-~I-OII. 1981.
19~1
Kieinstein, B,
B. H"
H., Biological Effects of Non-llJIlizing
73 Kleinstein,
Non-Ionizing Electromagnetic Radiation: a Digest of Current
Literature, Vols. 1-5. U.S. Department of Commerce, 1974 to 1982.
Literature.
1,)~2.
To r.,
ro, Plltential
Potential medical eflects
NllcI"ar Mugllcli<
Magllelic
74. Budinger, T.
efTects and hazards of
llf human NMR studies,
studies. in NllcI<'IIr
R(',wllall({' llllUgillg
Imagillg ill Mcdicillc,
Margulis, A. R.,
Eds .. Igaku-SllOin.
Igaku-SllOin,
Medicil/e, Kaufman, L.,
Re.wllullcc
L.. Crooks,
Crooks. L. L,
E., and Margulis.
R.. Eds.,
New York. 1982,207.
1,)~2, 207.
75. Easterly, C. E., Biological
Bioillgical Effects of Static Magnelic
Magnetic
Magnclic Fields: A Selective Review with Emphasis on Risk
19~2.
Assessment.
Assessment, Chk
Oak Ridge National
Natillnal Laboratory
Lahoratory Report, Oak Ridge, Tenn.,
Tenn .. 1'1'.1-7860.
TM-7S60, 19~2.
71l. Lib off, R. L., A hiolllagnetic
biomagnelic hypothesis, Biof!hys.
5, 845, 1%5; Neuromagentic thresholds.
I Thmr.
76.
Biol'hys. J .. 5.
thresholds, 1.
TiI"or.
Bioi. 83,427.
~l, 427, 1980.
19~O
Jo P" An estimate of the steady magnetic field strength required to
77. Wikswo, J. P., ./r.
Jr. and Barach, J.
inlluenL'e nerve conduction, If.-EE
If,),'E
Il:EE TrailS. Biumed. Ellg., 27, 7n,
1980.
inlluence
722, 19~O.
78. Kim, Y.
Yo So, Some possihle
possible efreets
efrects of static magnetic fields on cancer (review), r. I. r. 1. Lifi'
6,
Liji' Sci 6.
1\. 1976.
79. Cope, F. W.,
Wo, Biological
biological superconductive Josephson
Bioillgical sensitivity 10
to weak magnetic fields due 10
to hiological
junctions". Ph\'.\ioI. Chem. PIn's.,
PIns 5, 173,
In, 1')73.
I<)n.
junctions",
~o
Po W.,
Wo, Simple theroelical
theroetical models for magnetic interaL·tions
interal,tions with biological
biologic,i1 units.
units, in Bio!ogiuJ!
~tJ Neurath, P.
EfTec!s
Vul. I. Barnothy, M. F., Ed., Plenum Press, New York,
EfTecls o/MlIgm'lic
orMl/gllelic Fields.
Fields, Vol.
York. 19M.
19M, 25.
Mo, Motion or
81.
Roherts, A. M.,
of Para!l1eeillm
27, 97,
~ I. Roberts,
PllrwneUlim in static electric and magnetic fields, 1. Theor. BioI.. 27.
')7.
1<)70.
1')70.
Mo, A physiochemical
physiochcmicalmechanism
for magnetic field detection hy
by migratory hirds
birds and homing
M . .I. M.,
mechanism fur
82. Leask, Mo,/.
pigeuns, NUlllr!',
267, 144.
144, 1977.
Nalllre, 267.
pigeons,
83. Mahlum,
MahlulII, D.
Do D.,
Do, Sikov, M.
Mo R.,
Ro, and Decker, .I.
Jo R., Dominanl
8l.
Dominant lethal studies in mice exposed to direct
current magnetic fielcls, in Bio!ogical
Bio!ogiml Ej/i'cls
EjJi-cls orExlremely
Freqllellcy E!eclroll1l/gllelic
orExlre!l1efy Low Fre'lliellcy
E!ec!romagnelic
E!eclromagnelic Fields, Phillips,
R. D. and Gillis, M. F., Eds.,
Eels., ConI'. 781016, U.S. Depar1ment of Energy, 1979,474.
Po G.
Go and 8aum,
Jo W., Genetic effects of
uf strong magnetic fielcls
fields in Drosophilll
Drosophila melmwgasler:
84. Kale, P.
Baum, .I.
mellllrogllsler:
1979.
homogenous fielcls ranging ii'om n,ooo 10 37,O(J(J
l7.000 gauss, Ellviron. Mllwgnl
Mlilagell .. 1,371,
I, l71, 1')79.
\\4<1. Skopek, '1'.,
So, and Thilly, W.
Wo G., unpublished results
T., Fairfax, S.,
\\4a.
Roo Malhum, D. D.,
Do, Montgomery, L. D.,
Do, and Decker, .I.
Jo Ro,
~5. Sikov, M. Ro,
R., Development
Developntenl of mice after
aftcr
intrauterine exposure to direct current magnetic fielcls, in Bil/!ogica!
Bio!oJ;icll! EU,'clS
EUi'clS of EXlrc!I1e/v
EXlrC!I1e/v
Lo(\' ./i'e(/III'll
./i'e'/IIi'IlCl'
CI'
EXlreme/v LOll'
./i'eql/('IIC1·
ElecrromaJ;llelie
E!euromaJ;llelie
Eleuromagllelie Fields. Phillips, R. D. and Gillis, M. F .. Eds., U.S. Department of Energy,
Energy. 1l)79,
ILJ7'). 402.
86.
Go, 80ccalon,
Boccalon, H.,
Ho, Berryer, P.,
Po, and Wagner, B.,
Bo, Effects on rodents of a one month exposure
~6. Nahas, G. G.,
Spllce Ellviron.
to magnetic fields (200--1200 gauss), Adv. Space
Environ. Med., 46,1161,1975
46,1161, ILJ75.
87.
Ho B.,
Bo, Some preliminary studies of the erfects
effects of a static magnetic field on the lire
life cycle of
~7. Brewer, H.
Lebisles reliell!ollls
lOS, 1979.
Lebisll'S
reliclI!allls (guppy), Biophvs . .I.
.I.... n,
.I
28, :105,
Ko H.,
Ho, Sandstrom, M.,
Mo, and Lovtrup, S.,
So, Development of Xellopills
/aevis embryos in a static
~~. Mild, K.
Xenopills !aevis
magnetic field, Bioeleuro!l1aJ;lll'lin,
Bioelecrromugnelin, 2, 199, Inl.
In I.
~9.
~9
.. Neurath, P.
Po W.,
Wo, High gradient magentic field inhihits
inhibits embryonic development of
frogs. Nolllre,
NOlllre, 219.
~LJ
llf frogs,
1358,
Mognelie Fields, Barnothy,
1969.
135~. 1911~;
1,)6~: Biologilil!
Biologim! Elfeels of
ufMognelie
Barnotby, M. F., Ed., Plenum Press, New York, 1%9,
In
177.
89a.
Ao, Ahernethy, C.
Co S.,
So, Skalski, J.
Jo R.,
Ro, and Genoway, R.
Ro G.,
Go, Effects of magnetic field exposure
~9a. Strand, .10
J. A.,
cxp'lsure
fiairdneri, Bioc!ecrro!l1IlJ;llelics,
Bioe!ecrromagllelics, 4, 295.
on fertilization success in rainbow tmut, Sa!mo
295, 1981.
Sa!!I1o J;airdneri,
Bioc!cClro!l1IlJ;llelics,
198:1.
Frazier, Mo
Eo, Andrews, T.
To K.,
Ko, and Thompson, B.
Bo B.,
Bo, In vitro evaluation of hiomagnetie
biomagnetic effects,
90. Frazier.
M. E.,
dfeets, in
Bio!oJ;iCll!
Ell,'cls
Gillis. M. F.,
Bio!ogical £j/"Cls
Ejfeels or EXlrellle/v
EXlreme/v Lmt'
Low Freqllency
Freqllent)' Ueclro!l1aJ;llelic
Efeclroll1agnelic Fields, Phillips R. D. and Gillis,
Eds.,
ConI'. 781016,
Eds .. ConI'
78101(" U.S. Department of Energy, 197<),417.
197'),417.
Go L, Gregory, W.
W D.,
Do, and Morelli, L., Evidence of morphological and physiological trans
trans
91. Malinin, G.
by strong magnetic fields, Science,
formation of mammalian cells hy
Sciellce, 194, ~44, 1976.
So and Stefani, S., Effecl
Efkct of constant and alternating magnetic fields on tumor cells in vitro
92. Chandra, S.
vivo. in BioloJ;ic,,!
Effecls 0/
EXlreme!y Low Freqllency
Frequency E!ecrromllgllelic
E!ecrromllgllelie Fields,
Fie!ds, Phillips, R. D. and
and in vivo,
E!ecrromllgnelie
Biologiell! Ejjicels
Ellicels
o/Exlreme!y
Gillis, M. F., Eds., ConI'. ?SIOI(l,
Gillis.
781016, U.S. Dcpar1ment
Depar1ment of Energy, 1979,436.
93. Leitmannova, A., Stiisser, Ro,
Ro, Changes in the shape of human erythrocytes under
uncleI' the
9l.
R., and Glaser, R.,
inlluence
homogene,)us
homogene()us magnetic field.
field, ACla
inllucnce of a static homogenellus
Acla BioI. Med. Ger., 36, 931, 1977.
Ro L., Bi,)logical
Bi()logical effects of magnetic fields: studies with microorganisms, CUll
Call. 1.
J. MicroiJio!.,
MicroiJioI., 25,
94. Moore, R.
Bi'llogical
J 145, 1')79
1<)79
1145,

n.

n

n,ooo

0

95. Gerencer, V. F., Barnothy, M. F., and Barnothy, .I. M., Inhihition
Inhibitioll
Inhibition of
growlh by
b)' magnctic
magnclic
llf bacterial growth
95
fields,
NlIIllre, 196,
fields. Nii/llre,
196. 539,
539. 1962.
I)(L
Protcinbiosynthcse hci Mikroorganismcn lInler
Ein\virkung von aUSS('fc'1l
aUSSL'rc'1l c[c-ctromagncti:-.c!lcn
lJIl. Varga, A., Protcinhiosynthcse
Uillcr Einwirkullg
cl('ctr()l1lagneti~chcn
Ex!,. Theor. BiojJh.l's
Biophvs.... 20. I,
Biophvs
Felden. FOrlschr. E\p.
I. 1976.
Feldcn,
B., Lamprecht, I., and Muller, K., Influencc
Inlluence of a magnetic
nLlgnctic field on Ihe
the
,cmitivi!y
,cmitivi!)'
tbe UV ,cmitivily
97. Schaarschmidt, 13.,
yeasl. Z
NOlliljIJrsch
in yeast,
290,
yeast.
Z. NiltllljiJT.I'i'!L
Notuljlmd1.... 290.447.
290. 447. 1974.
9X.
Absence of biomagnetic effects
efrects
Nile!!o. Bio!'h.l's
13i0l'hvs.. ./ .. 1("
13i0l'hvs
Ill. 441,
441. 197(,.
197h.
efrecls in Nill'!!iI.
9~ Blatt, F . .I. and Kuo, Y., Ahsence
l3cbavior of tbe
thc' aL'tion
action potcntial
pOlential of Nilellil
Nilello c!Ol'Ufil
c!o\'(/f!I
L. C. 1..,
L., and Farrington, T. E., 13chavior
c1i1I'Ufli
9Xa. Arajs, S., Yehlin, I..
Mang. MUler.
Mliler. American
cclls in the
tbe presence
prescnce of uniform magnetic fields,
fields. Proc.
!1I1.
COI/t:
Mal/g. Milng.
Mal/g.
/\mcrican
Institutc
I'roc. !III.
/\merican Institute
cells
1111. Co
lit: Mung.
Physics. New York, 1975,759.
of Physics,
thc magnetic I'ield
I'icld on frog
lrog sciatic
scialic nerve,
nerve.
Influence of the
99. Edelman, A., Teulon, .I., and Puchalska, I. B., Influencc
f3iophvs. Res. COlllllllln
COIllIllUI/ .. 9lJl.
IX, 1979.
Biophvs.
Biochelll. BiojJhvs.
I. III~,
propcrties of conducting fmg
nerve exposed
cxposed III
til high
higb
100. Galley, C. 'I' and Tenforde, T. S., Electrical proper!le,
lI'llg sciatic ncrve
tll
magnctic fields,
Bioeleclro)l1oglleIics,
seialic nerVL'S
nerves during
Bioelectrolllogl/elics, I,
magnctie
fields. Bioe!ectrolllilgnelics,
I. 20X.
properties of [mg
nervcs
de magnetic
20~, 19XO:
19~O: Bioelectric properrie,
lrog sciatic
Rodia/. Environ.
EI/virol/. 13io!,hl's
press. 19X3.
Rudia/.
EIII·iron.
exposure 10
to stationary magnetic ficlds.
I'ields, Ruclial.
Bio!,hD in press,
19~3.
101. Semm, P., Schneider, '1'., and Vollrath, t.,
L., I:::flccts
I::Jlects of an earth-strength
I::Jlccts
eanh-strengtb magcntic
magentic
magenlic field on electrical
activity of pineal cclls,
2~~, (,07,
19~O.
Nlilure,
cells, Nulllrl',
h07. 19XO.
NlillIre, 2XX,
2XX.
[Ola. Raybourn, M. S., The
Tbc ellects
magnctic ficlds
onl'ertebratc
photoreceptil1l1.
Science. 220,
220.715.
elleets
fields on
photoreceplil1l1. ScienC(',
lOla
cllects ofdc magnetic
vcrtehrate photorecepti'lI1.
715, [9X3.
19~3.
1()2 Beischer, D. E. and Knepton, .I. C., Influence of stI'llng
strong magnetic
magnelic fields
lields on the
eleclro-canliogram of
Ihe eleclro-cardi"gr;un
102.
M('(J.. 35.939,
monke)'s, AeriJ.\'[J.
squirrel monkeys,
AeroslJ. Mee/.,
35, 939, 1964.
elcctrocardiogLlI1h of baboons
103. Galley, C. '1'., Tenforde, T. S., and Dean, E. E., Alterations in Ihe
1m.
the electrocardiogral1b
magnctie
T. S., Gafley.
Gafley, C. '1'., Moyer,
magnctic fields, 13ioe!eClrolllagl/elics.
13ioe!eclrolllagnelics.
exposed 10
to dc magnetic
I, 209, 19XO:
19~O: Tenforde, '1',
Biol'!ectrolllagnl'tics, 1.209,
B.
altcrations ill
in MlIcac<lmonkeys
Macacumonkcys
magnetic
slationary mdgnetic
13. R., and Budinger, T. F., Cardiovascular alterations
Macacu monkey, exposed 10
to stationary
Bioe!eerroll/(/gnetics. 4,
('ields:
cxperimental ohservations
observations and theoretical analysis.
4. I,
I. [9X3.
Bioe!eClrollwgl1elics.
t'ields: experimental
dnalysis, Bi()e!eerroll1nglletics,
19~3.
104. Haberditzl, W., Enzyme activity in high magnetic fields,
Nall/re. 213,
fields. Nnll/re,
~13. 72,
72. 1967.
NUII/re.
105.
lOS. Akoyunoglou, G., Elkct
EITeL'! of a magnetic field on earboxydismutasc.
Nall/re.
202.452,
19h4.
earboxydismulase.
NullIu'. 202,
carboxydismutase, NOlllre',
452, 1964.
106. Weissbluth, M., Enzyme-suhstrate
Enzyme-substrate reactielns
reactions in high magnetic fields.
Magl/('IIc Field E[{eers
iI/ Bio!ogicn!
Bio!ogi"J!
Mugl1('11c
E[{eCis
ill
Bio!ogicu!
t'ields, in Moglleric
I:fI'eers in
SI'slellls, Tenfmde,
SI'SIi'IIlS,
Tenforde, T..
Plcnum Press, New York,
Yllrk. 1979,44.
[979.44.
T., Ed., Plenum
S,'slell1s,
107. Ripamonti, A., Ettienne,
Ellcct of homelgencelus
homogcnc'lus
responses
Ettienlle, Eo
homogcncllus magnetiL'
magnetic' ficlds
E. M., and Frankel, R. B., Ellect
Iields on respelnses
Bioe!eClrolllilglll'lics.
10
tox ic
ie stimulation
slimulation in SpiroSt0ll1l1111
SpiroStollll/1II
allliJigl/lIIl/,
Bioe!eClrolllagnetics,
~. I X7.
Bioe!eClronlllgl/l'lics.
SpiroSlolllulI/ ullliJigl//IIlI,
Bioe!ecll'IJllliIgllelics, 2.
to lox
toxic
~7, [9X
19~ I: Bioe!ecrroll1ngllerics,
nll1iJigll/llll, Bioe!ec{wllwf"1etics,
3,
19~2.
3. 391, IlJli2.
lOX.
J., Herbst, M., and Pointer, P., The inlluence ofa
magnctic
muscularcontrac·tlon.
10~. Bucking, .I.,
magnelic field
onmuscularcontrac·tion.
elfa strong magnetic
t'iclcl on
muscularcelntraction.
Rwlinl.
Ellvirol1. Biophys.,
Environ.
Biol'hys., 11,79,1974.
Rndior. Ellviron.
11.79.1974.
Mogl/l'lic Fie!d Effi'cis
behavior in nonhuman primates,
primates. in MOf'lIeric
Mugnl'lic
E[/I'cis in
109. deLorge, .I.,
.1., Effects of magnetic fields on hehavior
ill
Bioiogicul Svsrell1s,
Svsrellls. Tenforde,
Biological
Svs(ellls.
Tenforde. T.,
T .. Ed.,
Ed .. Plenum Press,
Press. New York,
Yllrk. 1979,32.
1979.32.
BiologiclI!
IIIOl)a
(Na Davis, H. P., Mizurnori, S . .I. Y., Allen, H., Rosenzweig, M. R., Bennett, E,
O'!a
E. L., and Tenforde. T.
Bine!eClrollluglll'lics, IT1 press.
Bioe!eerrolllagl/elics,
to dc
de and 60-Hz magnetic fields.
pre".
S .. Behavioral studies with mice exposed tel
t'iclds, Bioe!ecrroll1<lgllelics,
19X4.
19~4.
ASlronal/lics. 7,
110
tolerance to magnetic fields,
fields. ASlroll<llllics.
7. 24, 19(,2.
IlJ62.
ASlrol1ul/lics.
110. Beischer, D. E., Human tulerance
D. C., and Yen, C. K., Magnetic
on humans: epidcmielll,glL'al
epidemiological
Magnelic field effects eln
III Budinger, T. F., Wong, P. O.
study. in Bio!ogim!
Bio!ogiCil! EjJecrs
FJJeCl.I
0( EXlrellle!y
Fre'lfI('!HT
Fre'lfI('IICY Elecrwllwglleric
E!('(lmlllagl/i'lic
E!",(mllluglli'lic Fie!d,',
Fielt1.l'. Phillips. R. D.
FJJeCis of
design study,
EXlrell1e!\, Loll' Freel[/I'lIeT
(jillis, M. F.,
E. Eds .. CelnL
ConI'. 7XIOI6, U.S. Department
1971J. 379.
Departmcnt of
and (iillis,
ut' Energy, 1979,379.
Efreers ill
I 12. Alpen, E. L., Magnetic field expelsure
nposurc guielclines,
guidelines. in Mngllelic
Magnelic
in Bio!ogicu!
Tenforde.
Mugllelic Fie!d EfTeers
ElfeCis
Bio!ngicu! S\'slell1.\,
SYSlellll, Tenfelrdc,
112.
T .. Ed .. Plenum
Press. 1'-:ew
1'o:ew Y,)rk,
1971J. 19.
[9.
Plcnum Press,
Yl)rk, 1979,
'1',
Yllrk,
[13. Blakemore, R. P., Magneteltactic
Magnetotactic hacteria,
bactcria.
Scii'llCe.
190.377. 1975.
IlJ75.
bacleria. Sciellu',
Scii'!lCe. 190,377,
113.
A., Werrere
Wertere Beitrage zur Physiulelgie
Physiologic des
dcs Ohrlahyrinthes:
Ohrlabyrinthes: Versuche
Versuc'he
Krebsen. SlIclIllgsiJer.
Krebsen,
Silcl/lIgsiJer.
Versuc'be an Krehsen.
SirculIgsiJer. A!c.",1.
Ak",!.
114. Kreidl, A"
149. IX93.
Wi"I1, Math.
Morh. Nall/rwiss.
NUII/rwiss. K .. 102.
Wiss. Wi,'II,
WiCIl,
j02, 149,
1~93.
NIIlI/TII'iss.
M., Afferent
Affcrcnt respelnse
response pattern elf
of the
thc crayli'h
crayfish statocyst
klTite
craylish
statlK)'sl with
wilh ferTite
114a. Ozeki, M., Takahata, M., and Hisada, M"
statolith tel
to magnetic field stimulatieln,
stimulation, .I.
Physio!.,
123. I,
[. 197X.
PhYsio!., 123,
grain statulith
J. COIIIV
COIl1V Ph\'sio!.,
115.
.I., and de Oliveira, L. P. H"
H., 1\L!gnetellactiL'
1\1agnetotaL'lic
Danoll, .1.,
1"L!gnetotadic
tins de Barros, H. G. P., Esquivel, D. M. S., Danon,
115 Lins
AI/i/!.
Bms. Cienc.,
54. 25X.
Alli/!. Ami!.
ACiid. Bras.
Ciel1c., 54,
algae, Alln!.
2S~, 19X2.
19~2.
1111. Brown, F. A., Jr., Barnwell, F. H., and Webb, H. M., Adaptation elf
of the magnetel-rccepti"e
magncto-rc'cepli\'c
magneto-rc'cepti\'c mech;lnism
medunism
mcdunism
116.
of mud snails tel
to geelmagnetic
gC'lmagnetic
gCllmagnetic field strength, Bio!.
Bio!' BIl!!.,
BioI.
BI/!! .. 127.221.1964.
127,221. 1964.
I 17. Brown, F. A.,.Ir.
H., Duration elf
of an ann
after dlcct
planarialb fullelwing
following a reversed horizelntal
horizontal
A., .Ir. and Park, Y. n.,
cllcct in planarians
aflel
crrcct
117.
BI/I!.,
Bill!.,
347. f965.
IlJ65.
magnetic vector, Bio!. Bill!
.. 12X.
12~. 347,
liX.
Gould,.I.
Thc case for
I'llI' magnetic
magnctic sensitivity in hirds
birds and hees
bees (such as itil is),
~56. 19XO.
IS), Alii. Sl'i. 6X.
II
~. Gould,
J. 1..,
L., The
6~, 256,
19~1l.
119 Quinn, T. P., Evidence
Evidcnce for celestial and magnetic cl)Jnpass
compass orientation
llrientation
socke)'e "t1ml)J)
salml1l)
l)riemation in lake migrating sockeye
S:llml)!1
119.
Physiol
I'hysiol .. 137.243,
fry, 1. Comp. Physi()l
137, 243, 19XO.
19~1l.
120. Phillips,.1.
Phillips, J. B., Usc
Use e,f
of the earth's magnetic field
by orienting cave salamander
salalnander (E"r."c"o
Il:'lIrycea !Ile·iji[go)
!lIl'ijilgn),. 1.
COlli!'
lel/ryc"u
rield hy
./. C"",!,
Physio!..
121A. 273,
273. 1977.
[977.
I'hvsio!.. 121A,
Plrysiol..
121. Walcott, C., Magnetic oreintation
orcintation in homing pigeon"
pigeons. IEEI:'
TrailS Magll.
[6. [001'\.
[OO~. !9XO.
19XO.
IEEE Trans.
Alogll. 16,
100~.
19~0.
Cllmpass or European Illbins.
ClJmpass
17h. 6~,
h~. 1972
197~.
197
C.
mbins. Sciellce,
Science, 176,
122. Wiltschko, W. and Wilstschko, R., Magnetic compass

nr

or

--T
f\'lather, .J.
J. and Baker. R., ./lv1agnL'tiL'
din?l'til)/l ill \VOOdlllicc for rUlltl'-hascd
rOlltl'-hascd navigatioll,
f\'lather.
~cnSL
123. fVlather,
./\1agnctic "cnsc
~cnSL t)f dircctil)/l
navigation. /"/o!ure,
I, 152.
152, 19~ I
29 I.
/2-1. Baker.
Baker, R, R,.
R., CtLli
tlrientatitln bv blindl'olded
blindftlltled humans after
Itlng-dist'like displ"c'emetll:
ptlssihle invtllve
Coal orientation
arter 10nt:-dist;lJke
displaL'L'ment: possihle
involve
mentllr
sense, SCii'IICi',
m'tgnelic sense.
Scii'lIci'. 210. 5.'5.
5.'>5. 19~O,
19~0.
menl
tlf a m;lt:netic
125. Baker.
Baker, R. R.,
Nm'igulioll Ulld Ihi'
Ihe Sil/h
,md
Ltlndtln. I1t)~
t)
,tIld Stoughttln.
R .• NlilI/UIl
HIiII/UIl Nm'iguli,,"
Sinh Si'IISi', Hodder ;Ind
Stout:hton, London.
9~~ I.
j. L.
l.. and Able.
Able, K. 1'.,
SCii'IICi', 212. 1061.
126, Could,
Could • .I.
1' .• Human htlming:
homint:: an elusive phent1tlenon.
phellllnenon. Scii'lIci'.
IOhl. 19~1,
IlJ~1.
127 Bookman.
Bookman, M. A
.,
tlf the htlming
Migrulioll,
A.,
magnetic field.
.. Sensitivity or
hllming pigetln
pit:eon ltl
to an earth-strenglh
eanh-strent:th mat:netic
rield, in Ailill/ul Migruli,,",
NIII'igUI;OIl ulld HOII/illg,
HO/llillg, Schmidl-Koenig.
NIIl'igUlioll
Schmidt-Koenit:. K. and Keelon,
Keelon. W, T, Etls.
Eds .. Springer-Verlag.
Sprint:er-VerLlt:. Bascl. 197X.
127,
Kalmijn,
delcctitln in el'lsmtlbranL'il
lishes. Scii'lIc£'.
Scii'lIci'.
tilh. Iti~2,
Scii'lice. 21~. lJlIl.
Kalmijn. A . .I.,
.I .• Ekc'lric
EleL'lric and magnetiL'
nwt:netiL' field
rield delcction
eldsnlllbranch lishcs.
Il)~2,
129. Walker. M. and Kirschvink
Kirsclwink,.I.
L., private ctlmmunication.
• .I. L..
communication. 19~2.
12~.

130, Kalmijn,
electric
electric fields
animale sources olher
tlther than ek'ctric
clectric
rrOIll in;lnimalc
Kalmijn. A . .I.,
.I .• The deteL·tion
delcL,tion of
or ekctric
rields from
inanimate and animate
/'h\'siolog\', Vtll.
3, Fes.\"rd.
A.., Ed .. Springer-Vcr-Iag.
1-17.
Ph\'siolog\',
A,
Springer-Vcr-lag.
organs. in HIlIIIII)ook olSell.lon
organs,
o/S£'lIson I'h\'siolog\',
Vol. .',
Fessard. A
Sprint:er-Vel'idt:. Ba\cl.
Basel. 1974,
1974. 147.
I.' I. Brown.
Brown, H. R. and lIyinsky,
tlf Lorenzini in the magnetic'
Ph\'sio!.,
lIyinsky. O. B.,
B .• The ampullae
ampulLle or
mat:netiL' field,
ricld, 1.
J, COli/I). Ph\'si,,!.,
126.
Brown, H. R ..
Muravejko, V. M"
Corshkov, E. S.,
12h. 333. 197~: Brown.
.• lIyinsky,
lIyinsky. O. B.,
B .• Muravejko.
M .• Corshkov.
S .• and FOllal'ev,
FOllal·ev.
64~,
A"".. [evidence lhat
variations can be detected by LorL'nzini ampullae,
C. A
that geomagnetic vari;ltions
ampullae. .Nul//U',
NUI//U', 277,
277. h48.
1979.
132 . .Iungerman.
.Iungerman, R.
R, L. and Rosenblum.
Rosenblum, B
B".• Magnetic
induUitln
by animals
Magnctic inductitln
for the sensing of
animal\
induction 1'01'
01' magnetic
mat:netic I'iel,b
I'ields hy
- an analysis,
Ii;o!., 87.
X7, 25,
analysis . .I. Thi'or.
Theor. I'io!.,
25. 1980.
Keeton, W.
W, T.,
homing, Proc. Nm!. Acw!,
S,·;. U.S,A,
6~. 102. 197/.
Ln. Keeton.
T .• Magnets interfere with pigeon l1lJming.
Acw/. S,·i.
U.S.A, h8,
IlJ71.
Walcott, C. and Green.
Green, R.,
of homing
Ill' an
changc
134. Walcott.
R_. Orientation or
homint: pigeons
pit:eons altered by a change
chant:e in the direction ,II'
applied magnetic
Sciellce, 184,
mat:netic field,
rield. Science,
184. I~O,
I~O. 1974.
Keeton, W. '1'., Larkin,
M".• Normal lluL'lualions
Iluctuations in the earth's m'tgnetic
Iluctuatiotb
135.
Larkin. T. S.,
S .• and Windsor, D,
D. M"
mat:netic field
rield
135, Keeton.
COli/I). Ph\'siol .. 95.95. 1974,
inlluence pigeon
pit:eon orientation. J. COIIII).
197-1,
136. \Vakott, C., Anomalies in the earth's magnetic field increase the scatkr
scatter of pigeons
pigC'ons vanishing bearings,
bearings.
in Allimlll
Migrolion, .Nlll';glliion
bls .. Springer·
lind Homing,
Allillllli M;grolioll,
.NIII'iglll;OIl IIlId
HOlllillg. Schmidt-Koenig. K. anti
and Keeton.
Keeton, W. T
T".. Eds
Springer
Verlag.
Verlat:. Basel.
Basel, 197~.
137. Gould.,/.
Gould, J. L.,
of pigeons. Nlillire,
L .. The map sense or
NU1IIU', 296. 205.1981,
205. Il)81.
Able, K. P.,
13~. Able.
P .• MeL'hanisms 01' orientation,
orientation. navigation and homing.
homint:. in Allimlll
Allillllli Migrorioll,
Migror;oll, Or;cnlilrioll
Oriclllor!oll iii
II iiiII I
NIII';gillioll.
Jr .. Ed,. Academic Press,
NlIl'igOlioll, Gauthreaux. S. A. Jr"
Press. New York. 19~O. 283.
13~a,. Grimn,
R" Ecology of migration:
Ri'\', fjioi..
f);ol .. 57.
19~2.
13~a
Griffin, D. R.,
mit:ration: is magnetic
mat:netic orientation a reality".
reality", Q. Rn',
57, 293,
293. 1982.
139. Wiltschko,
\Viltschko, W., Funher analysis of
01' the magnetic compass 01'
01" migratory birds.
birds, in Animlll
Allillllli Migrolion,
Migrolioll, ,II,'iIJ'
NOI'
T .,
igillion
lind Homing,
igOlioll IIlId
HOllling. Schmidt-Koenig. K, and Keeltln.
KeetlHl. W. T.,
.. Eds .. Springer-Verlag.
Sprint:cr-Verlag. Basel. 197~. 302,
3()2,
140. Walcott, c., Gould, .I. L., and Kirschvink,.I.
Kirschvink, .I, L.,
205, 1027. 1979
magncts. Science,
Sciellce. 2m,
L.. Pigeons have magnets.
141, Presti.
Presti, D. and Pettigrew
Pettigrew,• .I.
J. D., Fernmwgnetic
Ferromagnetic
muscle
Ferronwt:netic coupling
coup1int: to mlbcle
nllbcle recepturs
receptors as a bas'l.s f,)r
fl)r geomagnet'tc
t:ClJnlat:net'lc
NlIlIIre,
1~S. 99.
Nil ill 1'1' , 285,
field sensitivity in animals,
animals. Nlililre,
99, 19~O.
141,
Yorke, E. D., Two consequences of magnetic material found
Fheor. fJ;o!',
'i3.' , 19~ I.
pigeons. J. The,,)'.
142, Yorke.
rlJund in pigeons,
nioi., ~9. 533.
143.
Kirschvink, J. L. and Gould,.I,
I'icld
dcteL'lion
]43. Kirschvink,.I.
Gould • .I. L., Biogenic magnetite as a basis for magnetic l'icld
I'ield deteL'lion
detel'lion in animals.
Bios\,slems,
13, I~I. 1981.
B;os\,slems, 13.
e1ie SchwereuricntienJl)g
Hon
Erdmagnetfeld und die
Schwereuricntienmg
del' Hun
144,
144. Martin, H. and Lindauer, M.,
M .• Del'
Der Einlluss del'
der Erdmagnetfcld
Erdmagnetreld
SchwereoricntienJnt: lkr
Hon
igbiene.1.
Com!" I'
Phnio!.,
122,
igbiene. 1.
J. COIIII'
hrs;o I. , 112,
122. 145,
1-15, 1977.
of Ihe
the honeybee is compatible with a single-domain
145. Kirschvink, .I,
.I. L., The horizonwi
horizonwj magnetic dance or
magnetoreceptor, B!osyslems,
Bios\'.\IO))S,
Bios\'.\lems, 14. 193.
ferromagnetic magnetoreceptor.
] 93. 1981.
146, Gould,
Kirscbvink,• .I,
S".• Bees have magnetic remanence.
Science,
201,
rcmanence. Sciell<'l',
Sc;ence, 201.
Gould • .I,
.I. L., Kirschvink
.I. L., and DetTeyes, K,
K. S
remanence,
1026. 197X
1978.
147. Kuterbach.
Kuterbach, D. A., Walcott, B., Reeder, R.
,/., and Frankel, R. B.,lron-cont,tining
R . .I.,
B .. Iron-containing cells in the honeybee
(Apis mellij"""!,
melliji',,!,) , Sc;ence,
Sciellce, 21~. 695.
695, 19~2
19~2,
Lowenstam,.I. A"
A .• Minerals formed
rormed by organisms.
organisms, Sc;ellc£'
1126. 198/.
1981.
148. Lowenstam,,/,
Science,, 211. 1/26.
149. Zoeger,
of the Ctlmmon
Ctlmnlt1l1 ('acific
Zoeger • .I"
.I .• Dunn,.I.
Dunn, .I. R., and Fuller, M., Magnetic material in the head or
common
('aciric dolphin.
SCIence,
Science, 213. ~92,
SC;£'IIC£',
~92 . 19~1.
19~1
bUllcrlly (Dilnus
(Dilnlis plexipplls).
plexi/,plls) ,
(DIIIIIIS
150 . .lones, D. S. and MacFadden, B . .I., Induced magnetization in the monarch bUtlerlly
/,Iexil'/,IIS)
96. I.
I, 1982.
1982,
J. Exp.
Exl'.
Bio!., 96,
Ex/'. Bioi..
M. M. and Dizon.
tuna, TrollS.
Alii. Ceophrs.
UII .. 62.
Dizon, A.,
A" Identification or
of magnetite in tuna.
Trons. Am.
Ceo/,hrs. Un.,
62, ~50.
~SO.
151. Walker, M,
1981.
Perry, A.,
G, B
B".• and Dizon, A. S.,
Ccophvs. Un.,
152. Perry.
A .• Bauer, G.
S .• Magnetite in the green turtle. TrollS. Am. Ccophrs.
Un.
62, 850.
850, 198
61.
I.
19~ I.
153. Buskirk, R. E.,
Trons. Am. Ceophvs,
Ceoph.l's, Un.,
E .• Magnetic material in marine crustacea, Trons,
UII., 62. ~50. 19~1.
19~ 1
154. Frankel, R. B., Blakemore, R.
R, P.,
bacteria.
magnetotactic bacteria,
P .• and Wolfe, R. S., Magnetite in freshwater
rreshwater magnctotal'tic
Science, 2m.
Sc;ellce,
203. 1355. 1979.
333, 1981
19~1.
155. Kirschvink,.I,
Kirschvink. J. L.,
L.. Ferromagnetic crystals (magnetite") in human tissue,
tissue. J.
J, Ex/'.
Exp. Bioi.,
Bioi" 92.
92, 333.
156. Lowenstam.
Lowenstam, H. A., Magnetite in the denticle capping in recent chitons (PulyplllmpllOm),
Ceo!. Soc. Am.
(Pulyplucoplwl'OJ, Ceol.
l3ul/,
73, 435, 1962,
Bu!l,
BIi!I, 73.435.

IS7. Blakemore, R. P., MagnClotactic
Magnctotactic bacteria.
Anlili. ReI'.
Yl.
bacteria, AI1IIII.
Anllil.
R",·. Micmhilll
MicmiJilll
y" 217.
217, Il)S2.
157.
MicroiJiul .. ,,6.
IlJX2.
b<lctcria.
m<lgnctlc bch<lvior
of
A1igrmilln,
ISS. Kalmijn, A . .I.
15X.
./. and Blakemore, R. P., The magnetic
behavior olmud
or mud b<lClcria,
baueria. in Anilllill
Anil/lol A1igrmilln.
A1igrilliun.
NlIl'iglllioll
IIIlII
HOlllillg,
Schmidt-Koenig,
Keelon,
Vcri<lg,
IlJ7S,
NOl'igllliull IIlId
olld HOlllilig.
HUI/ling. Schmidt-Koenig.
Schmidt·Kllenig. K. and Keelon.
Keeton. W. T. !'-lh.
[lb. Springer Vcri<lg.
Verlag. B,l'cl.
Ba,el. IlJ7S.
IlJn.
344.
I,,, the isolation
01
f,,,
ISlJ.
15lJ. Moench, T. T. and Konclzka,
Konelzka, \V. A., A novel
Jl()\'cl method rllr
isolatilln and sludy
study of
or magnetotactic
magnetlltactic
119.
MicroiJio/.. 119,203,
1975.
bacterillln,
bacterillin.
bacterium. Arch. Microhio/..
IllJ. 203. 19n.
IhO. Balkwill, D. L., Maratea, D., and Blakemore, R. P.,
160.
Po, Ultr<lstructure
of a magnetot<lctic
J.
Ultrastruuure llr
magnetotactic spirillum.
spirillum . ./.
IJIlClerio/..
IJlloerio/.,
141, 1399.
1399,
IJoderi,,/., 141.
13lJlJ. 19S0.
19XO.
Ihl Towe, K. M. and Moench, T. '1'., Electron-optical
01 bacterial magnetite,
161
charal'lerizalion ell'
of
magnetite. 1"lIrlh
Plllnl'!
161.
Eleuron'llpticalchara,'terizalilln
I,'o,.,h PIIIIII'!
Plonet
S2, 213,
S2.
Sci. Lell,
LI'II,
213. 19SI.
/.ell., 52.
IlJXI.
162.
Ih2. Blakemore,
01 a rre,hwaler
of
Cre,hwater
I"re,hwater magnetic
Blakcmore, R. P., Maratea, D., and \Volfe,
\Volrc, R. S., !solation
]slliatilln and pure culture llr
IJIlCleriol
140.720,
del"incd
spirillum in chemically deCined
derined medium,
medium. J.
J IJlloeriol
IJoderiol .. 140,720,
140. no. 1979.
IlJ7lJ.
163. Morrish, A. H., Thl'
The Pln'sind
oj'MlIgllell.IIII,
Sons.
Ph\'sicill
Ph"sicol Prillcipll's
Principles O(MlIglI('II.IIII,
oj'Mognerisl/I, John
Jllhn Wiley & Sons,
Sllm. New
NO'\ York,
Yllrt, 1965
I'J6S
Theoretll',Ll
F, and Banerjee, S. K., Theoretil',Ll
tlt<ln
164
1(14. Butler, R. F.
Thcoretil'al single-domain
single·dllmain grain size range in magnetite
magnctitc and IItan·
(;ellph\'s Res.
omagnctitc,
G(,lIfJh."s
4049,
IlJ7S
I(es. SO,
XO. 4049.
404LJ. IlJ75.
llmagnetite. J. (;eupln.1
165.
Superparamagnetism.. .I.
J Appl. Phn.
PhI'S. 30,
30.1205.
IlJ5lJ
IhS. Bean, C. P. and Livingston,./.
Livingston,.I. D., Superparamagnetism
Superpar'"11agnetism,.J.
Ph]'s.
30.
120S, 19S1J
16S,
R",'.
166. Jacobs, I. S. and Bean, C. P., An apprmch
line-particle
PhI'S.
100, 1060.
lObO,
approach to elongated fine-particle
rine·particle magnets,
magnets. Ph."s.
Phn. Rn',
Rn' 100.
19S5.
IlJ55.
167. Frankel, R. B. and Blakemore,
bal'lcria,
J. Mugll.
Blakcmore, R. P., Navigational compass
Cllmpass in magnetic bal'leria,
hactcria . ./,
.I.
MllglI. Mligil
MoglI
Miller
IS62,
Moter .. IS-IS,
IS-IX. 1562.
19XO
IS-IS.
IS62. 19S0.
16S,
bactnia.
CIIlIlIllI'lI!S
lJillph\'s.
CIIlIlIllI'lI!S Mu/.
Mil/. Cell.
CI'II. IJillph."s.
1.293.
16S.
16X. Frankel, R. B.,
B.. MagnetotaClic
Magnctlltauic bactnia,
baueria. COl/ll/lell!s
IJiuphrs. 1,293,
I. 2LJ3. 19S2:
IlJX2: Magnetic guidance
Rn·.
Hiol,h\·s. IJiol'lIg.
Hiol'lIg. 13.
organisms, Anlill.
13, X5.
SS, 19S4.
()f
Llr organisms.
Ann/l. Rn',
Rn' IJiol,h\'s,
13iul,hrs.l3ioeJlg.
ILJX4.
169. Kalmijn, A . .I.,
01"
delCetion,lI:LE
detection. IUeL
17, 1113,
19SI.
IlJSI.
./., Biophysics
l3illphysics oC
or geomagnetic
gellmagnetic field
held deleetilln.
ILLE Frolls. Mugll
Mllgn. 17.
1113. 19XI.
magnetic field,
COl\1I\\ul\icati\1I1,
llf a magnetotactic
magnetlltactic bacterium
haetcrium in a magnctic
rield. pri\'ate
private COllllllullicati\1I1.
conununication. 1979:
170. Bean, C. P., Dynamics of
lield.
01"
Purcell, E. 1'1.,
M., Calculation oC
bal'lerial
U-turn,
commul\iGlliol\, 1971J.
commulliGllioll.
of baclerial
bacterial U-turn.
U·turn. private cl)[nmunicatilln,
197 eJ.
.I .. Mi
Mi·
171. Esquivel, D. M. S., Lins de Barros, H. G. P.,
P. H. A .. and Danon,
171,
P" Farina, 1'1.,
M., Arago, 1'.
Danon . .I.,
CI'II .. 47. 227.
croorganismes magnetotaetiques
region
Janeiro. Hiol.
Janeiro,
227, 19X3.
ILJS3.
magnetotactiqucs de la regiol\
regilln de Rio
Rill de .I'JllL'iro.
IJiu/. Cel/.,
172 Rosenhlatt, C., Torres de Araujo, F. F., and Frankel,
Frankel. R. B.,
B.. Light scatkring
llr magnetic
172.
determinatioll
172,
scaltning determinalilln
determinatiol\ of
magnetotactic bacteria.
bacteria,
S3, 2727. 19S2.
19X2.
moments
Ph."s.,
J. AI)I)/.
AI'I'/. Phrs.,
or magnctotactic
bacteria . ./,
./.
Phrs .. S3.
53.
ILJX2.
mOlnents of
\73 Rosenhlatt,
B.. Birerrigenl'C'
Birerrigence determinatilln
Birerrigencc'
determination or magnetic
173
Rosenblatt, C., Torres de Araujo, F. F., and Frankel, R. B.,
Illagnetic
.. 40.
moments or magnetotactic' bacteria,
Biol)hrs
./.,
40, S3,
momcnts
bacteria. Biol,hrs
13iol,hrs . ./
X3, 19S2.
IlJX2.
174 Denham, C. R., Blakemore,
B.. Bulk magnetic pmpenies
propenies or magnetOlal·til·
174.
Blakemore. R. P., and Frankel, R. B.,
magnetOlal·t;l·
magnetOlal't;l'
MilglI. 16,1006,
16.1006. 19S0.
TrollS.
Milgil.
bal'tcria,
bacteria. IEEI,'
IEEI, TrollS,
Trans. Mogn.
19XO.
19S II.,
17S,
175 Blakemore, R. P. and Frankel, R. B., Magnetic navigation in bacteria,
hactcria. Sci. Am., 245(6),
24'i(()). SS,
5X. IlJS
17S.
bacteria.
245(6).
SS.
Blakemore, R. P., Frankel,
Kalmijn, A
176.
176 Blakemore.
A.. .I.,
J., Soulh-seeking
South·seeking magnelotaclil'
magnetotactic bacteria
hacter;a in the
Frankel. R. B., and Kalmijn.
magnelotactil'
Southern Hemisphere.
Hemisphere,
NUI/II'l'.
2S6.
3S4. 19SI.
3S4,
19S
Hemisphel·e. NUI/m'.
NOlan', 2Sh,
2X6 ..'X4.
19X I.
1
177, Kirschvink,
bacleria,./
EljI,
lJiol .. Sil.
South·,eeking magnetic bacleria.
hal'teria . .JJ Erl'.
X(). ,1.4S.
,1.45. 19S0
19XO
Erjl. BioI.,
177.
Kirschvink. J. L., South-seeking
17S.
In. Frankel, R. B.,
Danon,• .IJ ..
B .. Blakemore, R. 1'.,
P., Torres de Araujo, F. F.,
F .. Esquivel,
Esquivel. D. M. S.,
S .. and Danan,.I
Danan
Magnctotal·tic hadcria
hacteria at the geomagnetic eljuate)l'.
Sciel/ce, 212.
I26LJ, 19S
!9R I.
f\.1a~nLt()taL'lic
I.
cyudtOL Scienci',
:2 12, 12Nj.
resulh
./. and Frankel,
Frankel. R.
R, 13
.. unpuhlished resul"
results.
179. Weggel, R . .I.
B.,
IXO. Frankel, R. B., Papaefthymiou,
Papael'thymiou, G.
C. C.,
Blakemore, R. P., and O'Brien.
Fe,D, precipitation
prccipiulion
ISO.
c., Blakemore.
O'Brien, W. D., Fe,O,
precipiution
in magnetotactic
lJioj!hn Auu,
;\nu.
7h3.
1-17,
19H3
magnelotactic bac!cria,
bacteria. IJiochilll,
lJioe·him. 13i0l'hn
ILJX3.
IJiochilll.
Anu. 763.
7fJ3. 147.
1·.17. 19S3
bac!cria.
I SXI. Frankel, R. B., Papaefthymiou,
Papaefth)'miou, G. C., and Blakemore,
H1akemore, R.
spectmscopy or imn bio
hio·
R, P.,
P .• Miissabaucr
Miiss:lbauer speclmscopy
mincralizatit)J1 prOdUL'!S
produL'ts ir: ll1agndotactil'
lllag!ll_"!ntacliL' bacteria.
(1//(1 :Hag!1('!orc('('jJrion:
Alag!1('!orc('cjJrion:
h:lL'[cria, in A1ugllcrile
l11incralizatit)J1
l11incralizLltitlI1
AJUglll'file' Bimnincrllli::'(lfio)/
BioJ1liJll'Ulli:'(lfio)/ unci
A Nne'
Biol/luglletisl/I, Kirschvink,
Kirschvink . 1.
.I. L .. Jones.
MacFadden. B . .I.J Eds
ICc" .. Plenulll
Plenunl Press. New
Kirschvink.
N(']\' Biolllllglll'lism.
Jones, D. S. and MacF"ddl'n,
MacF"ddl·n.
Plenum
Yllrk, 19S5.
Yllrk.
York.
19X5.
Ullrastruclure
M. and Lowenstam, H. A., Ullrastructure
imn mineraliral;on
IX2 Towe, K. M,
imnmincraiJ!al;on
r"dular
r:idular
IS2
IX2.
Ultrastructure "nd
and development
develn"ment or illln
miner:tlt/'llinn in the L\dular
slc/leri
UllroslrllnllrI'R,'s.
I, 1967.
tec'th
.'Ie//ni (Mollusc,,),./.
Uv1ollusca) . ./. Ullroslrllnllrl'
Ultrastmullre Ri's.
Res. 17,
19()7.
teeth or C
C.. sll'lIeri
(Mollusc")
17. I.
1S3.
Kirschvink . ./. L. and Lowenslam,
Mineralization and magnetization
magnctilation or chiton teeth:
X., Kirschvink,.I,
A .. Minerali!alion
I H"
Kirschvink,.I.
Lowenstam, H. A.,
Mineraliration
leeth: paleomagnetic,
palelllnagnelic,
palelllnagnetic.
IlJ.~. 1979.
sl~di1l1Lnlologic and biologic implications or
!:~[/nh Plal/l'!,
Le/l .. 44.
-+-1.. IlJ,'.
]i.J79.
sedimcntologic
nr organic magnetite. Drrrh
Plrllll't, Sci.
Se'i 1.<'11
X4 Pun'ell,
Purcell, E. M.,
MilglIl'li.\11I (lkrkeley
(Berkeley Physics Course
1'1., U('nricin'
nectricin' illid
ilild Moglletisl/I
Course).
Vnl. 2,
2. McGraw-H
MeGr:m·Hill.
IIX4
H4
Milgl/l'li.\11I
1. Vol.
i II. New
Nell' York.
Y illk,
I%S.
19h5
1%5.
ILJSI.
ISS.
o!'magentlllnet]'\·,
Frolls. Mugll.
33SH,
ILJHI.
IXS. Foner,
Foner. S., Re\'iew
Review o!'magentlilnetrl',
o!' magentometr\,. IU:L
IEEE TrUIlS.
Mugn. 17,
17 ..33SS,
'3SX. 19X
I.
X6. Schmatz,
Schmalz, T. G
C.,
H
.. LllCalized
LelCati/ed magnelil'
ma~netil' susceplibilitv
susceptibilitv anislJl]'0Jlies.
anise)\]'opics. J
I S6.
SchmalZ,
.. Norris, C. L., and Flygare, W. H.,
Ho,
anislJl]'opies.
;\111
Chl'lil. Soc
Soc... 95.7%1.
95,
197",
AlII. Chnll.
AlII.
95. 79hl,
79fJI. 1973.
197".

ADDITIONAL REFERENCES
Nichols,. .I.
J. E
magnetil'ally sen,iti\'e
sensitive m:lll'rial
tr:][1,e,
.. Magneti,' nrientation
I. Beason, R. C. and Nichols
E.,
orientatilll1
orientatilln and nlagnel;c:Jily
sen,ili\'e
lllalL'rial
matc'ri:Ji in a tran,e
quitorialmigratory
Nuillre,
3tl'J. lSI,
I'il. IlJS4
1/1I'l' , 30lJ,
lSI.
'lJS4.
quitorial
migratory bird,
bird. Nu
NUI/m',
30lJ.
'lJS4.

'1�
'1

Rosenblatt, C., and Frankel, R. B.,
B r'\1icroacrohiL'
r'\1icroacrnhiL'
Bazylinski, D. A., Ros("nblatt,
Blakenl0re, R. P .•
.. Short, K. A.,
A .. BazyHnski,
conditions arc required for magnetite rormatil)n
rormatil)!1 within
Aqu(JYjJ;ri//um l1111gncIOflll"liCWlI,
l1111gncIO{UclicIlI1I, GcomiITohio!.
J.
\vithin Aqu(JYjJ;rillum
l1111gncIOflll"liCIlI1I,
cunditions
Aqu(JYjJ;rillwn
Gcomic!"o/);o!. .J.
q

4. 5~. 19R5.
4.53.

(In
3.
C. W., Dielectric measurcmL'nts
measurcmcnts (Ill
3.� Jafary·Asi, A. H., Solanki, S. N., Aarholt, E., and Smith, C
on livc
biolo!,iL'al
ul1Ller ma!'netie resonance conditions, J. Bioi. Phrs.,
19X2.
Phv.I., II, 15, 19R2.
biolo!,ical materials untler
4.� Mann, S., Frankel, R. B., and Blakemore, R. 1'., Structure,
StruL'turc, 1ll000phoiogy
rllmpllOlogy and crystal growth 01' bactcri,d
4.
bacterial
ma!'entite, NUIlIr!'.
magentite.
NUI1Ir('.
NUIlIr('. 310.407. 19R4.
5. � Mann, S., Moench, T. T., and Williams, R. J. 1'., A high resolution electmn
eleclmn microscopiL'
microscopic inVL'sti!,ation
investigation
221, 3X5.
385. I 'JR4.
of haderial
haL'terial magnetite: implications fOt'
I'm crystal gmwth, Prol'.
Proc. R. Soc. Londoll,
Lont!oll, Sa. 13., 221.
6.� Ofer,
O/'er, S., Nowik,
Nowik. I..
Baul11ingcr, E. R., Papaefthyllliou,
Papaefthyll1iou, G. C.,
6.
I., Baul11inger,
C, Frankel, R. B., and Blakemore, R.
P., tVlagnetosomc
Magnetosome dynamics in magnetotactic
magnctotactic bacteria, Bioj!hy.\' . .I., 46, 57, 19R4.
D" Oldenhourg,
miL·e.
tempnalure
7. Sperher, D.,
Oldenhol\rg, R., and Dnmsfeld,
Dnlllsfeld, K., Magnetic rield induced temperature
tempnature change in mil·e.
Nillllrl\·is.\('lIsc!lIIjiell. 71, 100.
100, I'JS4.
NillllrII·is\<'lIsc!lIIjiell.
I'JR4.

R.� Spormann,
Spormann. A. M. and \\'olfe,
\Volfe, R. S., Chemotactic,
ChemotactiL', magnctotactic
magnetotactic and tactile
taL'tile behavior in a ma!'netic'
nu!'nctic
R.
I 'J84.
rLMS Microhiol. 1.<'11.
spirillum,
spirillum. f-LMS
rell. 22, 171,
J 71, 19X4.
'J.� Walker, M. 1'1.,
scnse
'J.
M., Kirschvink, J. L., Chang, S. B. R., and Dizon, A. Eo, A candidate magnetic sense
llrgan in the yellowrin
yL'llowrin tuna Thl/Ill/IIS illimcilres,
iI//JilCilreS, Scil'lIcl'. 224, 751.
751, 19R4.
1984,
organ
10.
L., and Modena, I., Eds., Hiol/1i1gllelislII, Pienuill
Plenum Press.
10.� Williamson, S . .I., Romani, G. L., Kaufman, 10.,
New York. 19R3.
19R~.
II.� Semm, P., NeurobiologiL'al
II.
Neurobiologil'al investigations on the magnetic
ma!'nctic sensitivity or the pineal gland in rodent'
rodents and
rigeons.
76, 6S3,
pigeons. J. COlliI'. Hiochl'lil.
Hiuchl'llI. Phr.\'iol.,
683, 19R4.
Phv.\'iol., 76.
1984.
/2.�
L., ElleLh
/2. Welker, H. A., Semm,
Semlll, P., Willig, R. P., Kommentz, J. C, Wiltschko, W., and Vollrath, 10.,
Ellecls
l)Jl semlonin
on an artiricial magnetic rield ()Jl
semtonin N-acetyltransfcrase
N-acelyltranskrase activity and melatonin conlent
conlcnt or the rat
50. 426, 1983.
pineal gland,
gJ,md, D\p. Bmill
rineal
Bmin Res 50,
19R~.
I ~.. Cremer·
Bartels, G., Krause, K., and Kuchle, H . .I., InrIuence or low
13.
Inw magnetic field
13
Cremer-Bartels,
rield strength variatinns
variations
or
~20. 24S. I 'JR3.
'JRJ.
nf quail anel humans, Crwji"s
on retinal and pineal glands of
eme},,',I' Arch. Clin. E(jJ. Ophlhalmol .. 220.248.
14. Kirschvink, .I. L., Jones, D. S., and MacFadden, B . .I., Eds., "-tugnelic
Mr/gft,1agn('lic Biomineruli,arioll
l3iomill('l'(lli:llIion (lild
Mr/g
unt! !t-t({g
14.�
lIe!Urneplion ill
in Orgilnisms, Plenulll
York. 1985.
1I('!Urneplioll
Plenum Press, New York,
15.� Semm, P., NohI', D., Demaine,
Demaint', C., and Wiltschko, W., Neural basis or
orthe
inter'lL·tion,
15.
the magnetic compass: inlcr;/clions
or
inruts in the pigenn's
pigeon's brain, J. Compo Physiol.,
Ph)'sio/., IYiA.
~S3. 1'J84.
I'JS4.
nr
ur the visual. magnetic and vestibular inputs
155A. 283.
16.� Davis, H. 1'., Mizumori, S . .I. Y., Allen, H., Rosenzweig, M. R., Bennett, E. L., and Tenforde,
Tellforde, T.
16.
S., Behavioral studies with mice exposed
cxroscd to DC and 60 Hz magnetic fields,
rields, Hioe!nlrumilgnelies,
expnscd
l3ioelnlrumagnerics, 5. 147.
19R4.
1984.
17. Blackman, C. F., Benane, S. G., Rahinowitz, J. R., House, D. 1<:.,
Eo, and Jones, W. T., A role rur the
17.�

efflux of
or calciulll
t',SSUC
Bioe}ec/romilgnl'/in.
magnetic field in the radi,nion-induced
Biol'!eC/rom(lgnl'/in.
radi'llion-induced
radi'lIinn-induced efllux
calcium ions rrom brain t'lSsue
t'ISSUC in vitro, Biol'!ec/r"m(lgnl'/in.
19S5.
6,327. 1985.
J 8.� Torres de Araujo, F. F., Pires, M. A., Frankel, R. B., and Bicudo, C. Eo
18.
E. 1'1.,
M., Magnctite
Magnetite and mag
magpress, 19R6.
netotaxis
netolaxis in algae. Biophrs. J., in rress,
19S6.
19.�
Tonol1lura, A., Morphology and structure
or biogenic magnetite
19. Matsuda, T., Endo, .I., Osakuhe, N"
N., and Tonolllura,
struc'ture of
partidcs. Nil/urI',
~02. 411, 1%3.
1983.
No/urI', 302.411,
partil'ies.
partil'ics.
20.�
relate to geomagnetic topography, A'/IUllie
All/Wlie
All/wlie MII/llllla!.,.
MOil/II/(} 1.1. II.
20. Klinowska, M., Cetacean live stranding sites relatc
27, 1985.
J 985.

